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y-RAY SPECTRA OF 1S8 “Te AND 184 Te 

J. M. Ferguson,, D. L. Love and D. Sam 
U.S. Naval Radiological Defease Laboratory, San Francisco 24, California 

(Received 28 November 1960; in revised form 2 August 1961) 

Abstract—Tellurium radionuclides were separated from ,,S U fission products and their y-ray energies 
and abundances measured by scintillation techniques. 1M Te has four y-rays ranging in energy from 
79 to 262 keV. An equilibrium mixture of‘“"Te and 1M Te has eleven y-rays ranging in energy from 
309 to 973 keV A partial decay scheme for l,Sl "Te is proposed The half periods of l,tm Te and l **Te 
were remeasured as 50 and 42 min, respectively 

Background 

It has become obvious that there are serious gaps in the available data on the decay 
properties of many important fission products. (1) The data on many nuclides are so 
sparse that estimates of total y-emissions are unreliable. <2) Hence a programme to 
determine the y-ray spectra of some of these radionuclides has been undertaken. 

The tellurium isotopes are major contributors to the gross fission-product activity 
at 1 hr after fission, yet most of their y-ray spectra are unknown or poorly known. < 8>4) 
These isotopes include 131 Te, 131 m Te, m Te, I33 Te, 133m Te, and m Te. A chart of the 
properties of these and neighbouring nuclides is shown in Fig. 1 . The decay properties 
of 132 Te and 131 m Te are fairly well known. <*' 8> The y-ray spectrum of 131 Te has been 
studied in a separate experiment <7) An investigation of the y-ray spectra of 133m Te 
and l34 Te is the subject of this report. 

Previous work 

Most of the decay data for 133m Te comes from the work of Pappas' 8 *, and consists 
of the measurement of a 63 mm half-period and rough measurements of the /1-ray and 
y-ray spectra using absorbers (see Table 1). He found that 133m Te may decay either by 
/i-emission to 133 I or by y-emission to the 183 Te ground level. This ground level in turn 
undergoes /3-decay with a half-period of 2 min. (8) Since the measurements by Pappas 
were done with an equilibrium source, the radiations he observed can be attributed 
either to 133m Te <r,v > 133 Te 133 I or to 133m Te g,y ) 1S3 I. The branching between these 

two modes was investigated by Alvager and Oelsner' 8 *. They found that 1 3 percent of 
the 133m Te transitions go to the 1S3 Te ground level. The energy of the isomeric transition 
is 0-334 MeV. These results are included in Table 1 and in the decay scheme in Fig. 4. 
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Neutron Number 

fit, 1 —Decay properties of nuclides in the region of interest The format of this figure is taken 
from the General Electric Chart of the Nuclides 111 


Table 1 —Previous data on ' S3 ™Te- 1S3 Te 


Type of 
irradiation 

Energy 

Abundance 

<%> 

Reference 

0, 

~t 3 

~70 

8 

A 

~2<4 

—30 

8 

r 

0 334* 

13 

9 

?’■ 

~0 4 


8 

J'j 

~fl 6 

— 

8 

7 3 

~1 0 

— 
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* This gamma is the transition from 113 m Te to 13S Te The 
total transition intensity (gammas and conversion electrons) 
was found to be 13 per cent 


n ° P revi ° us measurements pertaining to the nature of the radiations from 
le I he half-period was found to be 44 min <10 ~ 12 > 

experimental 

Description of experiment 

FlJ. he PhyS ' CS ““I*, c * lemistr y equipment necessary for the experiment was taken to the General 

dialed mXreaaor The teiluf' f0r fi' a ^ Samp ' eS ° f "’ U (93 2 P er cent enr ‘ ched ) werc ™- 
t ii tellurium fission products were chemically separated from the 3!5 U These 

tellurium activities consisted of approximately equal amounts of i 33 ’»Te and ‘ 3 ie The v Af 

The i u 7 S ab0 t 20 n after the neutron irradiation and continuing for 3 hr 
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Neutron irradiation and chemistry 

The tellurium activities were produced by thermal neutron fission of 2 mg samples of m U. The 
flux at the sample position was about 10 10 neutrons per cm* per sec, and each sample was irradiated 
for 300 sec. The method of irradiation is described by Mackin et a/. ,w 

Since 1Mm Te and 184 Te were to be studied, it was desirable to exclude the other tellurium fission 
products as much as possible. These other interfering tellurium activities are formed mainly by decay 
of their long-lived antimony parents. Therefore, the antimony was separated from the tellurium and 
other fission products as soon as possible after the irradiation. Iodine separations were made as the 
last part of the radio-chemical procedure in order to minimize the magnitude of the iodine peaks that 
grow into the tellurium samples. 

Of the three samples irradiated, the first two were treated according to steps 1, 2 and 3 below The 
third sample was treated as described in steps 1 and 4. 

1. Preparation of fission product mixture. Uranium metal (93-2 per cent m U) was dissolved in 
hydrochloric acid and the acidity adjusted to 1 N. About 0 1 ml of this solution containing 2 mg of 
uranium was sealed in a polyethylene capsule This capsule was placed in a nylon rabbet and irradiated 
in the reactor for 300 sec After irradiation the fission products were removed from the capsule and 
washed into a centrifuge tube 

2 Separation of tellurium A rapid separation of radiochemically pure tellurium was obtained 
from a modification of a procedure by Newton 1181 Tellurium was separated from the fission products 
by precipitation of the metal with sulphur dioxide from a solution of 3 N hydrochloric acid and hydra¬ 
zine hydrochloride The tellurium metal was dissolved m warm 6 N nitric acid and the solution evap¬ 
orated to dryness These steps were repeated Additional decontamination was achieved by an iron 
hydroxide scavenge Tellurium metal was again precipitated This tellurium separation required 
about 10 min 

3 Separation of iodine from tellurium The iodine daughters of tellurium were separated by solvent 
extraction into carbon tetrachloride Ten ml of the tellurium solution in 9 N hydrochloric acid and 
trnodide was extracted twice with 10 ml portions of carbon tetrachloride The time required for the 
removal of iodine was less than 3 min 

4 Separation of tellurium enriched In 18a "Te To identify the 1,Sm Te gamma peaks from those of 
1M Te advantage was taken of the different half-periods of the parent isotopes, ls *Sb (7j = 4 1 min) and 
,M Sb(JF* =08 mm). A rapid separation of tellurium metal from irradiated m U fission products about 
3 min old leaves enriched I,8 Sb in the supemate since most of the IM Sb had already decayed to IM Te. 
The antimony separation from tellurium consisted of adding antimony and tellurium carriers to a 9 N 
hydrochloric acid solution of irradiated ! “U This solution was saturated with hydrogen sulphide for 
1 min and the tellurium sulphide was filtered through No 4 Whatman filter paper. Two min were 
required for this separation The 18S Sb in the supernate decayed to 18,m Te This 133m Te was separated 
from the other fission products by the procedure described in step 2 above 


Data taking 

The y-ray detector is a 4 in high, 4 in diameter NaI(Tl) crystal The crystal is housed in a 6 in. 
lead shield The source was mounted outside the crystal housing, and the y-rays were collimated 
through a 1-3 in. diameter port to the top of the crystal. The crystal is coupled to a photomultiplier 
tube The pulses from the photomultiplier are amplified and then recorded in a 100 channel pulse- 
height analyser. 

The y-ray measurements were begun within 5 mm after the final iodine separation Each sample 
was counted for 5 min, and the data in the analyser were then recorded on paper tape. The read-out 
of the data was completed in about 3 min, and another 5 mm run was begun. This procedure was 
continued for 3 hr after the irradiation More runs were made the next day to measure long-lived 
activities Three different amplifier gains were used to cover different ranges of y-ray energies The 
ranges were 0-0 4 MeV, 0-1'5 MeV and 0-3 MeV. Every third run was made at the same gain 
setting. 

ti» w . w Mejnke, Chemical Procedures Used in Bombardment Work at Berkeley, U.S. Atomic Energy 
Commission Report AECD-2738 (1949), Newton, "Chemical Separations of Tellurium”, procedure 
52-4 
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DATA ANALYSIS AND RESULTS 

Analysis procedure 

Only the data from the second sample were completely analysed. The following 
procedure was used for the first sample. After the first set of y-spectra had been 
obtained, a second iodine-tellurium separation was made. Both the iodine and 



CHANNEL NUMBER 

Fig 2—Three pulse-height spectra of the separated teltunum The time between the final 
chemical separation and the taking of the spectra is indicated on the figure The 5-min data 
have been multiplied by three so that the curves won’t overlap The prominent peak at 850 keV 
is due to 850 and 890 keV '/-rays from IM I. The prominent y-rays at 80 and 200 keV are 
assigned to l **Te, and the others are assigned to 1Mm Te- 1,! Te 

tellurium were analysed to obtain their spectra after a period of decay However, it was 
found that the loss of activity and the time delay in the separations resulted in counting 
rates too low for proper data analyses. On the following runs, therefore, the 134 I was 
allowed to grow m as the counting continued There was too little activity in the first 
sample. 

The third sample contained a strong ul Te component, and was used only for 
comparisons with the second run. This third sample had a higher ratio of 133 ™Te to 
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«*Te than the other samples, and so was used to check on the assignment of individual 
peaks to 133m Te or ^Te. 

The raw data consist of pulse-height spectra taken at 8 min intervals. About thirty 
y-rays from seven different nuclides are present in each spectrum. The pulse-height 



Fig 3 —Three pulse-height spectra of the separated tellurium The time between the final 
chemical separation and the taking of the spectra is indicated on the figure. These spectra 
were taken on an expanded gam to analyse the low-energy y-ray spectrum 


The pulse-height distribution for single-energy y-rays consists of a Gaussian-shaped 
peak and a continuous spectrum below the peak. A typical single-energy pulse-height 
spectrum of l87 Cs is shown in Fig. 4. The energy and intensity of the y-ray determine 
the position and size of the peak. To analyse a given peak m a complex spectrum one 
must subtract out the contribution from neighbouring y-rays. The method used was 
to analyse each y-ray individually, starting with the highest energy y-ray. After the 
first y-ray abundance and energy had been determined, its contribution to the pulse- 
height spectrum was subtracted on the basis of the known spectrum for single-energy 
y-rays. The same procedure was then applied to the next highest energy y-ray, and so 
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on. The data taken at later times ware analysed first. The result? were then used to 
subtract the long-lived activities from earlier runs. 

The y-intensities from 1S8 I, “*1 and Ui Te were obtained from data taken the day 
after the irradiation. These later spectra are relatively simple, and the y -ray intensities 
were obtained by successive subtraction, as described above. These intensities are then 
used to subtract the three activities from all the earlier runs. 

The remaining activities are ’“I, l31 Te, u8m Te (the 133m Te is actually an equilibrium 
mixture of 133 Te and 183m Te, and 184 Te. Of these, 134 I is the most prominent at times 
greater than one hour after the chemical separation. 



Fig. 4 -Pulse-height spectrum from the ls ’Cs 0 662 MeV j'-ray The rise in channel one is due 

to the barium K X-ray 


The y-ray spectrum of 134 1 is not well known However, a list of y- ray energies and 
intensities has been reported by O’ Kelley et al. and they are continuing work on this 
nuclide. (14) In our work we have not completely analysed the 134 I spectrum but have 
subtracted the 134 I on the basis of the prominent y- rays and the raw pulse-height 
spectra obtained at later times 

The 134 I was subtracted out by the following procedure. The relative amount of 
IJ *I present in each counting run can be determined by a knowledge of the half-periods 
involved and the times of the different runs. Thus the ^1 contribution could be 
subtracted from the earlier runs simply by multiplying one of the later runs by the 
approximate factor and subtracting it from the early run. With this method part of the 
tellurium contribution is also subtracted from the early run. However, in general, this 
is a small part of the total contribution, since the tellurium is decaying away while the 
iodine b growing in. This procedure was followed using different pairs of counting 
runs to make sure that the results were consistent. 


Report for Period Ending^ncM^SJS (ORNL-’l mXW9); SSSJ 
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After the subtraction of “*1 only the y-rays of m Te, 1S3m Te and 1M Te remain. (Set 
Fig. 5.) The “Te spectrum is known from another experiment,'^ and it was subtracted 
on the basis of the intensity of its strong y-ray at 145 kieV. This leaves “**Te and “*Te. 
The full-energy peaks were initially assigned to mm Te or “*Te by run number 3, and 



Fig 5.—These points are the data from the top curve of Fig. 2 after subtraction of the ”*1 
The light solid line is the 18a "Te spectrum calculated from the pulse-height spectra of mono- 
energetic y-rays and the energies and intensities given in Table 2. The heavy solid line is a 
combined laam Te and m Te spectrum constructed from the data of Table 2. The 75 keV peak 
in the 1M "*Te spectrum is due to lead K X-rays fraom the collimator. The discrepancy in 
channels 10 and 11 is due to the 145 keV y-ray from m Te 

and 44 min for 134 Te. Because of the similar half-periods, each y-ray must be followed 
for at least one half-hour to be identified. The y-ray intensity was measured for the 
first run, assigned to 133m Te or 134 Te, and subtracted from the succeeding runs on the, 
basis of the half-period. It was found that new half-periods had to be assigned tca^oth 
lasm-pe and 184 Te to make the analysis consistent. 

The analysis was quite sensitive to small changes in energy, intensity, or half-period 
assignments, y-rays with abundances of only a few per cent showed up quite well in 




8 


J. M. Ferguson, D. L. Love and D. Sam 


the analy sis However, in these cases it is more difficult to determine the half-period; 
thus we are not certain whether some of the weak y-rays belong to ^"‘Te or to 1M Te. 

The above analysis gives the nuclide assignment and relative abundances of the 
y-rays. To obtain the number of y-rays per disintegration we compare the results with 
those for “»I and m I. The abundance of the 138 I 0-53 MeV y-ray is taken to be 0-94 
y-rays per disintegration ; <18) the sum of the abundances of the 0'85 and 0 - 98 MeV y-ray 
in m l is taken to be 1-6 gammas per disintegration/ 14 ' Since the iodine comes from 
the decay of the tellurium, we can determine the amount of tellurium present from 
these numbers. This is the basis for the absolute gamma-ray intensities given below. 

RESULTS 

The energies and abundances of the y-rays are given in Tables 2 and 3. The errors 
represent standard deviations. Two errors are listed for the abundances. The first of 
these represents the error relative to the abundances of the other y-rays from the same 


Table 2— 1,am Te- 11, Te (equilibrium mixture) 


Gamma energy 
(keV) 

Abundance y-rays 
per disintegration 

Error for 

relative abundance 

Error for 

absolute abundance 

309 ± 8 

0 207 

J-.0 03 

±005 

343 ± 10 

0 041 

±0007 

±0009 

387 ± 10 

0 057 

±0 008 

±0012 

432 ± 5 

0 50 

±0>05 

±0 10 

468 ± 10 

0 22 

±0-02 

±0 04 

557 ±5 

0-35 

±0-04 

±005 

632 ± 10 

018 

±002 

±003 

698 ± 10 

0 24 

±0 03 

±0 05 

754 ± 5 

0-85 

±0 09 

±016 

910 ± 10 

0 57 

±006 

±0 12 

973 ± 10 

010 

±0 015 

±0-02 


Table 3- m Te 


Gamma energy 
(keV) 

Abundance y-rays 
per disintegration 

Error for 

relative abundance 

Error for 

absolute abundance 

30 (A - X-ray) 

0-35 

±0 05 

±0 07 

79 ±8 

0 126 

±0 015 

±0 020 

174 ± 10 

016 

±0 02 

±004 

204 ±5 

0 21 

±0 02 

±004 

262 ±5 

0 19 

±0-02 

±0 04 


nuclide. The second error represents the uncertainty in the number of y-rays per 
disintegration. Since our samples were mixtures of 13Sm Te and 134 Te, there is the danger 
that one of the y-rays is assigned to the wrong isotope. However, we found that when 
the “wrong" assignment was made, either in the preliminary analysis or later as a check, 
there was a pronounced discrepancy in the analysis, corresponding to oversubtraction 
or undersubtraction of the peak from later runs. 

It was necessary to use different half-periods in the data analysis to obtain 
consistent results. The new half-period for 134 Te is 42 min and for 1S8m Te is 50 min. 

,u> A. R. Brow «ndP M Gross, Jr Report ORNL-499 (1959) 
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DISCUSSION 

1 **Te 

Since no jS-ray or coincidence measurements were made, we cannot establish a 
complete decay scheme. However, our data together with a knowledge of nuclear 
systematics in this region tell us what the principal feature, of the decay scheme are 
likely to be. Way, et al., have given a tentative partial decay scheme based on previous 
data and nuclear level systematics. (4) We will first review this information and then 
apply it to our results. 

133 mje may decay either by beta emission to levels in 133 I or by an isomeric 
transition to the 2 min ground level of 183 Te. AlvAger and Oelsner found that 
13 ± 3 per cent of the decays go by the isomeric transition. (9) This transition is a 
member of the well-known “island of isomerism” of nuclides just below the shell 
closure at 82 neutrons. It is well-established that this group of isomers has a common 
basis. Each consists of an excited level with a character of V” above a f + ground 
level. The 50 min level is then expected to have a character of V—» and the isomeric 
transition should be of the magnetic 2 4 -pole type. The energy of this transition was 
measured to be 0-3340 MeV by Alvager and Oelsner. 

The only other data on the decay of 133 m Te are some absorber measurements by 
Pappas. He found /?-rays with energies of about 1-3 and 2-4 MeV and abundances of 
about 70 and 30 per cent, respectively. The total energy available for /?-decay of the 
ground level may be estimated by extrapolating the decay energies of other odd->4 
tellurium isotopes to A — 133; by this method Way, et al., obtained a value of 3-0 
MeV. (4) Using somewhat the same method, we obtained 3-1 MeV. Since 1S8m Te is 
0-33 MeV above 133 Te, this method gives 3-3 or 3-4 MeV for the total decay 
energy. 

Now we consider the data from this report. Apparently the weak 0-343 MeV 
y-rays in our spectrum is the 0-334 isomeric transition. The energy discrepancy is 
within the experimental error. Rose’s theoretical internal conversion coefficient for 
this transition is 1-4.' 1161 Thus, for 13 ± 3 per cent decay by isomeric transition, we 
would expect 0-054 i 0-012 y-rays per disintegration. Our experimental value is 
0 041 ± 0-009 y-rays per disintegration, so we are in agreement with Alvager and 
Oelsner. 

Since only 13 per cent of the decays go through the 133 Te ground level, all the 
intense y-rays result from the direct beta decay of 138m Te. There are three y-rays with 
an intensity greater than 50 per cent. These y-rays can be fitted into a consistent scheme 
only by putting them in cascade. They are arranged in order of increasing abundance 
in Fig. 6. This type of scheme agrees well with the other information we have. The 
intense /3-ray energy observed by Pappas is about 1 -3 MeV, yet we expect to have about 
3-4 MeV available. Thus, we must account for about 2 MeV by y-transitions. Since 
there are no intense y-rays with energies greater than 1 MeV, cascade transitions can 
be expected to dominate. 

Four of the eleven observed y-rays have been placed in the decay scheme. The 
other y-rays can be fitted into various possible level schemes by energy and abundance 
balancing. However, there is no sound basis for choosing one level scheme over 
another, so all but the three intense y-rays were omitted. 


11,1 M E Rose, InternaI Conversion Coefficients Interscience, New York (1958). 
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J *Te 

The only previous data for ^Te are half-period determinations, Abelson and 
Pappas give values of 43 and 44 min, respectively . 110 ' 111 

Way et aL estimate the total energy available for /9-decay to be 14 MeV on the 
basis of beta-ray systematics.' 4 ' A 14 MeV transition with a 44 min half-period would 
have a log ft of 5-4. Hence the half-period indicates an allowed transition to the ground 
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F/o s Proposed decay scheme of 53 mT> tk- 

from the work of Alv aoer and OeLne* »> Sevwr ravs frZ CnCrgy f d ,ntens, ‘y a™ 

m / rays from our work arc not shown 


allowed beta transTtiw to levdfo/thef ]; Hcnvever ’ we do expect an 

level decays by beta emission to 1S4 Xe It is know ^ “^ n6 rcason - The m l ground 
transition to the 0 + *»Xe ground level < 14 > Sin^r r 5 n0t haVC an a,lowed 
evel is forbidden, the transition from the O Z H from t0 this °+ 
level must also be forbidden He^et ° f ^ t0 the 1M I ground 

dominantly to excited levels in 134 I that h ^ ? d ^ at m ^ e decay goes pre- 
. These expectations 

intensities suggest that they come from “paraUd” or 7 ' ra>S ™ bei ° W 3 °° keV ’ Their 
from cascade transitions. P el or wni P«“g transihons rather than 

The sum of the y-rav and jt' v • 

y ««J mttimte i, 1-04. If w« ate tbe Juores „ nce 
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field of iodine to be 0-86, <17) the sum of y-ray and X-sheU transitions is 109. The X-rays 
are assumed to come from internal conversion. If we further assume that the ratio,of 
X-shell internal conversions to all the internal conversioiis is 0-9, <1W 1*14 is obtained 
for the sum of the intensities of all the y-rays and internal conversions. 

To see if the ratio of X-rays to y-rays is reasonable, first assume all the y-transitiops 
are of the magnetic dipole or Ml type. Using Rose’s theoretical internal conversion 
coefficients and a 0-86 fluorescence yield, 0-27 K X-rays per disintegration are expected 
from internal conversion. If the 79 keV transition is taken to be of the E2 type, 0*37 K 
X-rays per disintegration are expected. Hence the extimated intensities are of the same 
order as the measurements. The high intensity of the X-rays suggests that there may 
be other, highly converted transitions in the decay scheme. However, the energy and 
intensity of the X-rays are not well known since the spectrometer was not really 
designed for this energy region. Also, the X-ray intensity is uncertain because of 
contributions to X-ray peak from other activities in the sample. 

No order of the y-rays in the level scheme is proposed except to say that the 
abundances suggest they are parallel or competing transitions. If there are no cascade 
transitions, and the total energy available for beta decay is 1-4 MeV, there are four 
beta groups with energy endpoints of 1-3, 1-2, 1-2 and 1-15 MeV, with log/f values of 
5-6, 6, 5-9 and 5-9, respectively. 
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Abstract—The quantitative distribution of the active products following the neutron irradiation of 
solutions of arsenic triphenyl and arsenic trichloride in benzene has been investigated. The scavenging 
action of dissolved oxygen has been explored and the results interpreted in terms of the different kinds 
of reaction in which the radioactive fragments can participate. Comparative measurements on the 
behaviour of a solution of diphenyl arsine oxide have also been made. A new method of paper 
chromatographic separation of the products has been used. 

The chemical effects following thermal neutron capture can be considered, in the first 
approximation, as a combination of several processes accompanying the different 
stages of slowing down of the recoiling atoms. These processes are generally divided 
into: primary retention—due to the failure of bond rupture, high energy processes 
including radical, hot exchange and bimolecular reactions and thermal reactions 
controlled by diffusion . 11 - 21 The participation of these phenomena in determining the 
yields of individual organic and inorganic products has been extensively studied * 3 - 4 -* 1 
as well as the problem of whether elastic * 61 or inelastic collisions between the recoiling 
atoms and the surrounding molecules play a dominant role. The contribution from 
the primary retention to the total organic yields has also been investigated .* 71 The 
experimental study of these problems can be carried out by investigating the influence 
of various factors on the distribution of activity amongst the products in a given 
system. The parameters generally studied influencing the qualitative and quantitative 
distribution of products are as follows: the influence of added substances, the effect 
of temperature, density, phase, structure, dilution and finally the post irradiation 
effects. Most of the papers concerning the mechanism of the processes in liquids are 
exclusively devoted to organic halide systems, but as has been pointed out previously * 81 
the study of systems containing polyvalent atoms may offer certain advantages in 
studying the relative roles of elastic and inelastic collisions. They present some new 
features in respect of the primary retention and the possibility of bond reformation. 
The primary retention in such systems depends on the survival of, not only one, but 
several bonds, and the reformation of the bonds is possible, either in one or more 
steps. 

'"J E Willard, Ann. Rev Nucl. Sci. 3, 193 (1953). 

"i S Goldhaber and J. E. Willard, J. Amer. Chem Soc. 74, 318 (1952) 

1,1 G. Levy and J. E. Willard, J Phys Chem. 74, 6161 (1953). 

'*• M. Milman and P. F. D. Shaw, /. Chem. Soc. 1303-1317 (1957). 

<SI J. Chien and J. E. Willard, J. Amer. Chem. Soc. 79, 4872 (1957). 

'•> W. F. Libby, J Amer. Chem. Soc. 69, 2523 (1947) 

<’> R S. H Chiang and J. E. Willard, /. Amer Chem Soc. 74, 6213 (1952) 

1,1 K E. Siekierska, A. Halpern, and A. Siuda, Symposium Intern. Atomic Energy Agency Cent/30, 
Prague, October 1960. 
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For these reasons it was decided to examine the chemical effects following the 
{n, y) reaction in phenylarsenic compounds.* 91 In previous investigations, Maddock 
and Sunn* 10 * had shown that the arsenic activity after the irradiation of crystalline 
AsPhs is distributed between tri-, di-, and mono-phenyl compounds and the inorganic 
form. A priori it seemed reasonable to assume that the comparison of the results for 
an irradiation of an AsCl 3 -benzene system with those for a tri-phenylarsine-benzene 
system would allow some conclusions to be drawn about the mechanism of these 
processes. In the first system the formation of organic compounds would only be 
possible by radical reactions, while in the latter system the organic yield could arise 
from many processes. Thus it seemed that such a comparison would render it possible 
to determine the rdle of the various types of processes in the reformation of organic 
bonds. However, the results previously obtained were insufficient to draw un¬ 
ambiguous conclusions. It was found that the yield of the triphenyl derivative was 
higher in the case of triphenylarsine irradiated as crystals than in benzene solution. 
This, as well as the quite different distribution of activity obtained for AsC 1 3 in benzene, 
needed further explanation. Also the influence of oxygen, which was present in all the 
irradiated solutions had not been studied. The purpose of the second part of the 
work, reported below, was to resolve these questions and if possible to determine the 
rflle and importance of the various processes mentioned above in the yield of individual 
organic products. 

EXPERIMENTAL 

Materials 


Arsenic trichloride, triphenylarsine [TPA], diphenylarsme oxide [DPO], phenyl - 
oxide [PO], diphenylarsonic acid [DPA], phenylarsonic acid [PA] used as target 
substances and as carriers, were prepared and purified by the previously described 
methods. (9 > All inorganic carriers and other reagents were analytical grade. Solvents 
were dned and redistilled before use. Technical oxygen used to saturate some samples 
was washed with an aqueous solution of KMn0 4 and with benzene, dried with CaCl 2 
and silica gel and finally saturated with benzene. Whatman’s No. 1 paper, used for 
chromatography, was previously washed with 0-5 per cent sodium versene solution, 
rinsed with distilled water and air dned. The sizes of paper strips and sheets used for 
chromatography were 2-5 x 30 cm and 30 x 30 cm respectively. 


Irradiations 

The samples placed in sealed quartz ampoules were irradiated m the thermal 
column of the Polish reactor “EWA” at 4 x 10 9 neutrons/cm 2 sec for 40 hr. The 
sealing of the ampoules containing the samples was carried out under the following 
conditions: (I) at atmosphenc pressure, (2) after degassing the frozen samples in 
vacuo at 10 mm pressure. Liquid samples were frozen in liquid air before sealing 
Paper chromatograms were activated at 10 1 * n/cm 2 sec for 2 hr. The counting of 
the activity of liquid samples was earned out with a GM annular tube-type MG. The 
paper chromatograms were scanned with an end-wmdow GM tube (thickness of 
wmdow: _5 mg/cm 2 ). Between the strip and the counter there was a brass diaphragm 

LV a 7 d0W °' 5 T W1 ? C) ' Dunng the measu «ments the strip was pulled under 
this diaphragm, so that the activity was determined for each 0-5 cm of the strip. 

>8 (1959) 
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Separation methods ' ' .1 V" - ' 

A new method, based on extraction of the sample into aqueous KOH solution and 
paper chromatography of the separated phases has been used to separate the folkfwing 
products: TPA, DPO, PO, DPA, PA, AsO s *-, AsO* 3- . 

Extraction. Using radioactivation analysis the partition coefficients, for all the 
compounds cited above, in the system benzene—KOH aq. have been determined. _ 
The best separation has been obtained using extraction with 1 % KOH solution. The 
partition coefficients presented in Table 1, show that in the case of both the oxides the 
separation error was only 0-5 per cent, which was within the counting error limits. 
Equilibrium between the phases was attained after 2 hr shaking. In order to avoid 
loss of activity caused by adsorbtion after emptying, the ampoules were filled twice 
with 1 % KOH^for 2 hr. These washings were subsequently used for extraction and 

Table 1.—Partition coefficients of various products in the 

SYSTEM BENZENE/1 PER CENT KOH AQ. 


Substance 

K Ben ,KOH. Q> 

As inorg 

0 

PA 

0 

DPA 

0 

PO 

00058 

DPO 

178 

AsPH, 

00 


after shaking the phases were centrifuged and separated. The following solutions 
were obtained. a benzene phase containing TPA and DPO, and two aqueous phases 
containing PO, DPA, PA and the inorganic forms. 

Chromatography. In order to achieve a further separation of the products paper 
chromatography was employed. Using activation analysis the R F values were deter¬ 
mined for all substances, both singly and in mixtures. The detection and location of 
the active arsenic compounds on the strip was earned out by the procedure described 
above. The identification of the irradiation products, in the samples investigated, was 
done by comparison of their R F values with those of the activated substances. In 
order to separate the components of the benzene phase ascending, one dimensional 
paper chromatography was supplemented by an additional procedure, since the R F 
values of TPA and DPO are very similar in most solvents. Before use, the strips of 
paper were moistened at the starting position with 0-02 ml of 0-1 % HgCl* in ethyl 
alcohol. TPA was precipitated by the HgCl a in alcoholic media, whereas DPO gave 
no precipitate. Thus, when the chromatograms were developed in absolute alcohol, 
the addition compound AsPh 3 -HgCl 2 remained at the starting point and the DPO 
migrated with the front. 

In order to separate the substances contained in the aqueous phase ascending, 
two-dimensional paper chromatography was employed. The chromatogram was 
developed in butyl alcohol saturated with 5 % NH 8 aq. and then in butyl alcohol 
saturated with 20% CH s COOH aq. Before counting the sheets were cut into strips 
and then the activity was measured as above. The R F values obtained for both k 
dimensions are presented in Table 2. 
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RESULTS 

The results were calculated, assuming the total activity on the strip or sheet was 
equal to the activity of the benzene or water phase respectively. The activity of 
individual products was calculated as a percentage of the total activity. The results of 
irradiations are presented as the distribution of activity between tri-, di-, and mono- 
organic derivatives and the inorganic form. The deviations observed are caused by 
the relatively large error of the separation and measurement procedure, which is 
greater than the statistical errors for counting. In the case of samples containing air 
die deviations were especially high, probably because of different amounts of oxygen 
in various samples, acting as scavenger. Standard deviations are several per cent, in 
some cases 30 per cent, depending on the individual product and the number of 
experiments. The tables present all values obtained and the average values for 
individual species. 


Table 2 — R , values for various substances in the solvents used 


Substance 

in butanol saturated with 

20 % CH 3 COOH aq 

in butanol saturated with 

5% NH S aq 

AsO,- 

01 

0 

AsO,- 

0 47 

0 21 

PA 

078 

0 02 

DPA 

09 

0 35 

PO 

09 

0-92 


Scavenger effect 

It has been pointed out by many authors* 3 ’ 4 ' that the addition of certain substances, 
which are able to combine with free radicals diminishes the organic activity in two 
stages. The rapid fall in activity occurring at very low concentration of scavenger has 
been attributed to the suppression of thermal reactions, and the subsequent very slow 
decrease of activity with increasing scavenger concentrations to the influence on hot 
reactions. The contributions of hot and thermal reactions can be separatelv deter¬ 
mined by extrapolation of the second, nearly linear, part of the curve representing the 
dependence of the organic yield on the scavenger concentration to zero concentration. 
The form of these curves permits an approximate evaluation of the contribution from 
diffusion controlled reactions being made from the drop in the yield, without establish¬ 
ing the dependence on the scavenger concentration. 

In the experiments described air, oxygen and arsenic trichloride were used as 
scavengers in benzene solutions of TPA. The distribution of activity between the 
individual products in the absence (samples degassed), and in the presence of scavengers 
are presented in Tables 3, 4 and 5 respectively. As can be seen from a comparison of 
ttiese results, the presence of scavenger diminishes the yield of tn- and diphenyl 
derivatives indicating that there is some contribution from thermal reactions to the 
formation of these forms. The decrease in activity in the case of the tri- derivative is 
about 14 per cent of the total arsenic activity, and in the case of di- form 16 per cent 
The decrease in activity for individual forms does not depend, within the limits of the 
experimental errors, on the concentration of the target substance. Only in very highly 
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ti 


concentrated solutions is this drop lower, which might be caused by an insufficient 
amount of oxygen in such solutions. On the other hand the presence of scavenger 
increases slightly the yield of the mono- derivative form. ; „ 


Distribution of activity after irradiation of tpa in benzene at various concentrations 

l» 

Table 3 —Deoassed 


Concentrations I / S * per cent of activity in the form of: 


m/1 

% mol 

AsPh, 

—AsPhj 

=AsPh 

As inorganic 

10 

9 19 

3/9 

19-7 ± 4-0 

18 2 ± 1-4 

17-9 ± 1-9 

44 -1 ± 5 0 

04 

3-43 

2/6 

18-0 ± 1-8 

21-9 ± 1-9 

20-2 ± 0-6 

38-3 ± 1* 

01 

0-88 

7/21 

160 ± 32 

23-6 ± 1 9 

16-6 ± 2-4 

43-2 ± 3-7 

0 01 

0088 

3/9 

12 4 ± 2-0 

21 1 ± 1 9 

16-2 ± 3-8 

50-4 ± 4-0 

0 005 

0 044 

2/6 

20 5 ± 1 3 

22 2 ± 2 2 

10-5 — 

49 6 ± 2-0 




Table 4 —Saturated with oxygen 



Concentrations I/S* per cent of activity in the form of- 


m/1 

% mol 

AsPhj 

—AsPhe 

—AsPh 

As inorganic 

1 0 

9 19 

3/9 

4-0 ± 1 1 

123 ± 1 6 

21 9 ± 2-4 

62-6 ± 4-0 

04 

3 43 

4/12 

2 3 ± 1 2 

94 ± 08 

23-2 ± 1-1 

649 ± 1 2 

0 1 

0 88 

2/6 

2 1 ±02 

6-8 ± 0 4 

22 3 ± 0 4 

68-8 ± 0-5 

0 005 

0 044 

2/6 

1 4 4 0 1 

5 4 ± 0 5 

27 5 ± 3 0 

65 7 ± 2-5 




Table 5 

Concentrations I/S* 

—In the presence of air 

PER cent of activity in the form of 

m/1 

% mol 


AsPh 3 

-—AsPh 2 

—AsPh 

As inorganic 

20 

15 08 

3/9 

10 1 1-17 

12 0 1 2 7 

24-3 4 ; 2 0 

53 9 ± 2-4 

1 0 

2 19 

4/12 

11 3 ± 3 4 

127 ± 1 1 

19 1 ±27 

56-9 ± 4-5 

04 

3 43 

7/21 

2 6 ± 0 5 

88 ± 26 

19 6 ± 2 8 

68 9 ± 4 0 

02 

1 74 

2/6 

40 ± 1 4 

22 0 — 

162 — 

57 5 — 

0 15 

1 31 

2/6 

3 3 ± 0 4 

— 

— 

— 

01 

0 83 

10/30 

24 ±08 

58 ±08 

24 5 ± 4 8 

67 7 ± 3-8 

0 05 

0-44 

3/9 

2 3 ± 0 5 

76 ± 08 

17 7 ± 1-9 

72 7 ± 2 2 

0 005 

0 044 

2/6 

25 1 05 

— 

— 

— 


* IIS - Number of irradiations/Number of separations 


The distribution of activity for TPA benzene solution containing AsC 1 3 at various 
concentrations is presented in Table 6. These data indicate that AsCI 3 behaves like a 
scavenger, but only at concentrations about 0-001 M. The distribution of activity in 
this case is very similar to the distribution in the presence of oxygen. This result is in 
agreement with the data of £ifka ,11) who had investigated the yields of di- and mono¬ 
phenyl derivatives in benzene solutions of AsC 1 3 , as a function of the arsenic trichloride 
concentration. The curve obtained by that author is quite similar to the curves of 
organic yield versus scavenger concentration. 

1111 J Cifka, Symposium I A E.A , CENT/5, Prague, October 1960. 
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Dilution effect 

The conclusions about the fate of the recoil atom, which can be drawn from 
dilution experiments are two fold. The extent to which hot exchange contributes to 
the retention may be estimated by comparing the yield of parent substance in con¬ 
centrated and in diluted solutions; also the yield of the parent compound in weak 
solutions (diluted with a diluent unable to reform the parent compound in reactions 
with the recoil atoms) and containing a scavenger should permit evaluation of the 


Table 6.—The distribution of activity after irradiation of degassed 

BENZENE SOLUTIONS OF TPA AND AsCl, AT VARIOUS CONCENTRATIONS 
Concentration of: Per cent of activity in form of 


TPA 

M 

AsClj 

M 

AsPhj 

—AsPh, 

=AsPh 

Asinorg 

01 

_. 

16 02 

23 57 

16 63 

43-77 

0 099 

0 001 

17 63 

26 32 

13 73 

42 33 

0 05 

005 

1 62 

7-02 

1844 

72-92 

— 

01 

0 86 

5 05 

16 01 

78 07 


primary retention. However, by using a diluent that is able to reform the parent 
substance in reactions with the recoiling atoms in solutions containing scavenger only 
the sum of the contributions from primary retention and hot processes can be 
determined. 

The results of experiments on dilution of TPA with benzene (concentration range 
1-0-005 M) presented in Tables 3, 4 and 5 indicate that in degassed solutions the 
yields of the organic forms are independent, within the limits of experimental error, of 
the concentration of TPA. It suggests, especially in the case of the tn- derivative 
form, that the contribution from hot exchange processes to the formation of active 
organic forms is not of great importance. In solutions containing oxygen as a 
scavenger (Table 4) the yields of tn- and di- derivative decrease slightly with dilution, 
while the yield of mono-derivative is slightly increased. In solutions saturated with 
air (Table 5) the changes in the yield of tri- and di- forms upon dilution are greater, 
and may be due to the smaller concentrations of oxygen in these solutions. Never¬ 
theless, the distribution of activity is similar in weak solutions of TPA" whether 
saturated with oxygen or air. 

The irradiation of AsCl 3 in benzene 

The organic retention in a solution of arsenic trichloride m benzene may be 
attributed only to highly energetic reactions, owing to (1) the scavenging action of 
AsClj, (2) no possibility of hot exchange reactions leading to organic combinations 
and (3) no primary organic retention. Assuming that simple chemical reactions 
between AsCl 3 and benzene do not occur and that the mechanism of the slowing-down 
processes of the recoiling atom is similar in both systems, it may be expected that the 
yield of each organic product in the case of arsenic trichloride irradiation should be 
nearly equal to the contribution from hot processes in the case of TPA in benzene 

The results presented in Table 6 show that the yields of tn-, di- and mono-phenyl- 
derivatives in irradiated solutions of AsCl 3 in benzene are about 1, 5 and 16 per cent 
respectively. • v 
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The irradiation of less substituted forms 

It should be observed that in the complete absence of hot exchange, the distribution 
of activity should be independent of the kind of compound activated, that is, of the 
number of radicals attached to the activated atom If, however, the hot exchange 
process and failure of bond rupture are not of negligible importance, the distribution 
of activity should be changed, and then the yield of the parent form would be higher 
in the case of each activated compound. 

In order to obtain some data concerning these problems experiments with benzene 
solutions of DPO have been carried out. The results present in Table 7 indicate that: 
(1) the yield of the tri- derivative is slightly increased by dilution of the DPO and is 
lower than in the case of benzene solutions of TPA at similar concentrations, (2) the 
yield of the di- form decreases with dilution and in dilute solution attains the same 


Table 7.—The distribution of activity after irradiation of degassed 

BENZENE SOLUTIONS OF DPO 


Concentration 


Per cent of activity in form of: 


M 

AsPh, 

. —AsPhj 

—AsPh 

As inorg. 

05 

9 16 

32-97 

7 38 

50-48 


9 14 

28-78 

10 05 

52-02 

0 01 

10 52 

2306 

15-71 

50-70 


15 48 

27 91 

12-59 

44-01 

0 003 

1260 

23-64 

16-50 

47-25 


10-89 

24 23 

14-41 

50 45 


value as in the TPA-benzene system, (3) the yield of the mono- form is slightly 
decreased by dilution and is nearly equal to the value obtained in TPA-benzene 
solutions. 

Effect of y-radiation 

As was shown in the first part of this work, (9) the organic retention in irradiated, 
degassed samples of crystalline TPA increases with increasing y dose. In order to 
obtain some data on the effect of radiation on the liquid systems under investigation, 
benzene solutions of TPA, degassed and in the presence of oxygen, were irradiated 
with various y doses. The results obtained are presented in Table 8. It can be seen 
from these data, that - (1) only for the lower y doses does the presence of oxygen 
diminish the yields of the tri- and di-derivative, (2) in the higher y-doses, the yields of 
these two forms increase from 16 to 21 per cent in the case of the tri- derivative and 
from 23 to 27 per cent in the case of the di- derivative. The yield of the mono- form 
decreases slightly with increasing y-dose. 

DISCUSSION 

The results presented above can be explained by assuming the following reactions 
occur: 

1. The processes due to primary retention: 

^ As*Ph 8 (A) 

AsPhg — —As*Phg + -Ph (B) 

\ =As*Ph + 2-Ph ' (C) 
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2. The processes due to radical recombination, which can 

occur in both the 

thermal and high energy region: 


As* -f -Ph -* =As*Ph 

(A) 

As* + 2-Ph -*■—As*Ph a 

(B) 

As* + 3-Ph — As*Ph a 

(C) 

=As*Ph -f -Ph —■ —As*Ph 2 

(D) 

—As*Ph 2 + -Ph — As*Ph s 

(E) 

3. Hot exchange reactions such as 


As* + AsPh 3 — As + As*Ph 3 


4. Reactions with oxygen or other scavengers. 


As* + 40 -* AsO/- 

(A) 

=As*Ph + 20 + H 2 0 — AsPhO(OH) 2 

(B) 

— As*Ph + -Ph + X -* AsPh a X 

(C) 

■Ph + O — PhO- 

(D) 


Table 8 —The effect of y-DOSE on the activity distribution in 0 1 m 
BENZENE SOLUTION OF TPA 


Conditions of Thermal neutron Total v and fast Percentage of activity in form 


irradiation flux n/cm* sec 


degassed (1) 

40 

X 

10‘ 

satur with O, (1) 

40 

x 

10" 

degassed 

3 0 

A 

10" 


30 

X 

10" 


3 0 

X 

10" 

satur with O a 




degassed 

1 7 

X 

10" 


1 7 

X 

10" 


1-7 

X 

10" 

satur with O a 

1 7 

\ 

10" 


1 7 

> 

10" 


1 7 

X 

10" 


neutron dose rads 

AsPhj 

3 4 

x 

10‘"> 

16 

02 

3 4 

X 

10‘"| 

2 

09 

3 8 


J0«(8I 

19 

04 

3 8 

X 

10® t3> 

19 

99 

3 8 

X 


17 

49 




4 

87 

4 1 

X 

10’ 

23 

13 

4 1 

V 

10 5 

21 

30 

4 1 

X 

10’ 

19 

62 

4 1 

X 

1Q7U, 

23 

54 

4 1 


10’"' 

27 

50 

4 1 

> 

IQIUI 

23 

13 


—AsPh, 

—- AsPh 

As morg 

23 57 

16 63 

43 17 

6 78 

22 26 

68 77 

28 08 

20 06 

32 81 

24 55 

19 OO 

36 45 

30 74 

18 90 

32 31 

9 54 

29 27 

56 31 

27 32 

16 19 

33 34 

25 05 

1631 

37 34 

26 27 

16 08 

38 01 

29-08 

18 25 

29 11 

26 07 

19 33 

27 26 

28 05 

15 42 

33 39 


111 Average values from Tables 3 & 4 
<*i Dose rate 5 4 X 10* rads/h 
1,1 Dose rate 4 7 X 10* rads/h 
'*> Dose rate 1 1 x 10* rads/h 


The influence of oxygen (i) depresses the total organic yield due to reactions of the 
second type by decreasing the concentration of both free atomic arsenic via process 
4A and phenyl radicals via reaction 4D; (h) it depresses the yield of the tri- and di- 
derivative by the reaction 4B; this leads to an increase of the yield of mono- derivative. 
Since the increase of the =As*Ph yield is not equal to the sum of the decreases of the 
—As*Ph a and As*Ph 3 yields, processes of the 2nd and 4th type must exist simul¬ 
taneously. 

The experiments on dilution of TPA with benzene m the presence of oxygen show 
that at very low concentration the yield of As*Ph 3 (1-2 per cent) is probably due to 
the reaction 1A. At higher concentrations, (1-0 M TPA), the yield of this product 
increases since (i) reactions of the 2nd type are not entirely scavenged (lower solubility 
of oxygen in the concentrated solutions), (n) the hot exchange reaction (3) can occur. 
The yield of the di- derivative decreases with dilution, probably for these same 
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reasons. The yield of mono- derivative does not decrease and is equal to 22 per cent. 
Under these conditions the mono- derivative can be formed as a result of processes 
1C, 4B and 2A occurring in the high energy region. On the other hand, the results 
obtained for experiments on dilution in the absence of oxygen, when =As*Ph can be 
formed only as a result of processes 1C and 2A, indicate that the total contribution to 
the yield of =As*Ph from these two processes is equal to 16 per cept. This means that 
the difference between the yield of the mono- form, in the presence and in the absence 
of oxygen, is due to the reaction 4B and is equal to 6 per cent. 

The yield of the mono- form in irradiated AsCl s _ benzene systems is equal to 
16 per cent. As mentioned above, =As*Ph can be formed only as a result of reaction 
2A in the higher energy region. This can be interpreted as evidence that the contribu¬ 
tion from primary retention (1C) to the formation of this product is negligible. 

In the irradiated DPO-benzene system, the tri- derivative can be formed by 
reactions of the 2nd type and the di- derivative by reactions IB, 2B, 2D and 3. Now 
the yield of the latter is dependent on the concentration and the distribution of the 
products in this system and is different from the TPA-benzene system. Thus it is 
possible to say that there is some contribution from hot exchange reactions to the 
formation of the di- form and that the probability of this reaction increases as the 
number of organic bonds in the parent molecule decreases. 

In degassed solution, an increase in y-dose accentuates processes of the 2nd type, 
thereby increasing the yield of the di- and tn- derivative. The yield of the mono- 
derivative is practically independent of the -/-dose. These effects confirm the previous 
conclusions. 

Table 9 —The approximate contribution from various processes to the 

YIELD OF INDIVIDUAL PRODUCTS IN IRRADIATED TPA-BENZENE SYSTEM 


(A) As A PERCENTAGE OF TOTAL ARSENIC ACTIVITY 

(B) AS A PERCENTAGE OF THE YIELD OF INDIVIDUAL PRODUCTS 


Type of process 

Per cent of activity in form of: 

AsPh s —AsPh, — AsPh 


A B 

A 

B 

A 

B 

Bond rupture failure 

1-2 10 

2 

10 

0 

0 

Hot reactions 

-1 >5 

5 

20 

16 

70 

Thermal reactions 

14 85 

16 

70 

0 

0 

Processes caused by presence of 
scavenger 

0 0 

0 

0 

6 

30 


The contributions from the various processes to the yield of individual products 
have been evaluated as a percentage of the total arsenic activity (Table 9a) and as a 
percentage of the yield of individual products (Table 9b). The results obtained 
indicate that the mono- form is produced exclusively by hot radical processes, that the 
di- form has an intermediate character and that the tri- form is created mainly by 
radical processes in the thermal energy region. This can be explained on a model of 
consecutive reformation of organic bonds, which follows successive stages of the 
slowing down of the recoiling atom, as discussed previously/ 8 ’ 
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Abstract— The preparation of pure itoichelomttric chromites MCr,Oi (M ** Mg**, Zn* + ,CW*\ ‘ f 

Fe* + , Co‘ + , Ni**) from suitable precursors is discussed. Atomic ratios Cr/M very dose to the theorem 
ical values were obtained. The chromites were examined by chemical analysis and several physical 
constants were measured. 


The chromites are a group of compounds which have the formula MCrj0 4 and possess 
the spinel structure. The symbol M can indicate magnesium, copper, manganese, iron, 
cobalt, nickel and zinc. Unlike the ferrites, these compounds show magnetic 
properties which do not conform to the N&1 model for ferrimagnetism. In particular, 
the chromites rather than giving saturation moments at 10,000 oersted, as most ferrites 
do, give high field susceptibilities as measured by Jacobs.* 1 ’ Furthermore, the Observed 
net moments disagreed with the values calculated on the basis of an antipatallel 
alignment of A and 5-site moments. They are extremely sensitive to homogeneity and 
chemical purity. It is believed that these differences in behaviour arise from stronger 
5-5 interactions* 2 . 31 in the chromites than in the ferrites. It is reasonable that definitive 
magnetic studies should be made of compounds of the highest available purity and 
homogeneity. 

Previous methods employed for the synthesis of chromites consisted simply of 
preparing an intimate physical mixture of two appropriate oxides and heating this 
mixture to a sufficiently high temperature (1400-1700°C) to cause the two oxides 
to react and form the desired product. This method does not yield pure 
products easily because of the refractory nature of chromium (III) oxide and 
of many of the divalent-metal oxides involved. Tedious grinding procedures and firings 
must be done, and extraneous impurities are usually introduced as a result of the 
grinding. Ignition at elevated temperatures occasionally results in the preferential loss 
of some of the divalent oxides, e.g. ZnO, CuO. 

The synthetic techniques, discussed in this paper, achieve excellent stoicheiometiy, 
low trace impurity content, and homogeneity approaching the maximum theoretically 
possible. The principle advantage of the “precursor” method is that the two metals 
are mixed on an atomic scale so that greater reactivity and more homogeneous products 
result than by heating a mixture of ball-milled (or mortar-ground) oxides. The 
procedures involve the crystallization from solution of compounds containing 
chromium and another metal in the atomic ratio 2:1. Any other element which may 
be present is volatilized at elevated temperatures. Decomposition of these crystalline 

• Operated with support from the U.S. Army, Navy, and Air Force. 

111 1. S. Jacobs, J. Phys Chem. Solids 15, 54 (1960). 

* w T. R. McGuirb and S. W. Greenwald, The Substitution of Chromium in Ferrites, Solid State Physics in 
Electronics and Telecommunications, Part 1, Vol 3, p. 50. Academic Press, London (1960). 

1,1 D G. Wickham and J. B. Goodenouoh, Phys. Rev. 115, 1156 (1959). 
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precursors yields a mixture of the oxides M^O and Cr 2 0 8 which are finely divided 
and intimately mixed. The ignition of these compounds, at a relatively low temperature 
(< 1200°C), results in the formation of the crystalline chromite. 


Procedures 


EXPERIMENTAL SECTION 


1 Magnesium chromite. The precursor (NH 4 ) a Mg(Cr0 4 ) a 611,0 14 (see Table 1) was prepared by 
dissolving 0 079 mole Mg(NO s ) a 6H a O, 0158 mole (NH 4 ) a Cr0 4 , 0 325g (NH 4 ) a S0 4 and 5 g of 
NH 4 C a H a O a (buffer) in 125 ml of water, using gentle heat The salt was crystallized in the cold and a 
yield of 70 per cent was obtained The product was ignited to the corresponding chromite at 1100- 
I200°C. 

Magnesium chromite can also be prepared from MgCr a O, 5H a O 111 The product was carefully 
dehydrated and first heated at 530 C in a hydrogen-nitrogen atmosphere (1 9), in order to reduce the 
chromium to the trivalcnt state The product was then reheated in air at 1100 C to give the desired 
product. 

2 Manganese chromite The precursor used for the preparation of manganese chromite, MnCr a 0 4 
was MnCr a O, 4C s H a N This compound was obtained, well crystallized and in good yield, according 
to the method by Briogs 1,1 Upon gentle ignition over a flame, the salt decomposed vigorously to the 
mixed oxides and a little carbon The oxides were fired to the chromite at 1100 'C in air and quenched 
from 800 C or higher A final firing at 1100 C in an atmosphere of hydrogen diluted with nitrogen 
(1 3) converted all the manganese to the divalent state 


3 Cobalt chromite The chromite was best prepared from the precursor CoCr a O, 4C5H s N, lei 
which crystallized poorly and was found to be deficient in chromium Alter determining the total 
chromium present in a sample of cobalt chromite prepared from the precursor, enough (NH 4 ) a Cr a O, 
was dissolved in approximately 10 ml of water and the solution was added to the remaining oxides 
This resulted in a corrected chromium-cobalt ratio The mixture was ignited, ground, fired at 1200 
for 3 days and then quenched from 800 C 

4 Nickel chromite (NH 4 ) a Ni(Cr0 4 ) a 6H a O‘” was prepared by mixing separate solutions of 084 
moles Ni(C a H a O a ) a 4H a O dissolved in 135 ml of water, and 0 158 mole (NH 4 ) a Cr0 4 plus 0 32 g 
(NH 4 ) s S 0 4 dissolved in 70 ml of water 1 he solutions are mixed at 25-30'C The product was crystal¬ 
lized at 0 C overnight, and the yield was 75 pei cent of theoretical The precursor was ignited over a 
flame and fired at 1100 C to yield the desired chromite NiCr a 0 4 


5 Copper chromite The precursor (NH 4 )»Cu(Cr0 4 ) a 2NH 3 was prepared according to the method 
of Briggs 1,1 The crust which formed above the solution was discarded and the product was washed 
with dilute ammonia The precursor was then heated carefully to form the mixed oxides and then 
fired at 800 C, and finally at 700 C for one day The final firing temperature is important since a 
mixture of CuCrO a and Cr a O a was observed to form if the product was heated to 1IOO C 

6 Zinc chromite The precursor (NH 4 ) 2 Zn(Cr0 4 ) 2 2NH a , prepared according to the procedure of 

Briogs 171 gave a chromite which contained excess chromium In order to enrich the precursor with 
ZnO, 0 12 mole ZnSO, 7H a O, 0 18 mole (NH 4 ) a Cr0 4 and 0 18 mole (NH 4 ) 2 S0 4 were added to 250 ml 
of strong ammonia The ammonium sulphate was used instead of ammonium nitrate to salt out the 
precursor The solution was allowed to stand and evaporate The product was then ignited at 1100 C 
and showed the presence of excess zinc oxide The sample was then fired at 1400 C, which volatilized 
the excess zinc oxide and the stoicheiomctric zinc chromite remained Pure zinc chromite possesses 
a brown colour, whereas chromium-rich zinc chromite is grey-green 

ch Z m 'l e T he precurs0r NH ‘ F * 5 6 * 8 (Cr0 4 y°< was readily prepared from 0 04 mole 
(NH 4 ) a Cr a O, and 0 08 mole Fe(N0 3 ) a 9H a O dissolved in 200 ml water, and 0 16 mole (NH 4 ) a Cr0 4 
dissolved in 100 ml of water The ammonium chromate was added slowly to the stirred hot solution 
containing ferric nitrate and ammonium dichromate The first product was a brown sludge which 
changed to the dark red product The conversion appeared to proceed only in the absence of excess 
ammonium chromate When delayed, this change was achieved by the addition of 2 ml of cone 


;;f 3 MALXGUTiand M Sarzi.au, Ann Chim Phys (3) 9, 431 (1843) 
27 H Hartford. J Amer Chem Soc 68,2192 (1946) 

'■ H c Briggs, Anorg Chem 56,246 (1907) 
is> » H ‘ C Brk,os ' Trans Chem, Sot 83, 391 (1903) 

R. Weinland and E MERGFNrHALFR, Dtsch Ges 57, 777 (1924) 
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nitric acid and boiling the solution 3} hours. The (NH^F^CrO,), was not washed in order to avoid 
any loss of chromium The product, which was obtained in good yield, was ignited to the mixed oxide 
Fe,0,-2Cr,0, Chemical analysis of the fired chromite sometimes showed a slight excess of iron. In 
those cases, the mixed oxides were then corrected by the addition of an ammonium dichromate 
solution, and ignited to destroy the dichromate The final product was ground and fired in a CO-CO, 
atmosphere (1:2) at 1150°C for 6 hr. 

t '' 

The effect of SO, 1- on the preparation of chromite precursors 

The crystalline compounds used as precursors in the synthesis of the chromites did not always 
have a metal ratio suitable for the formation of a stoicheiometnc chromite When the chromium was 
in excess, advantage could often be taken of the isomorphism of sulphate and chromate to correct the 
metal ratio The sulphate could then be volatilized completely by careful ignition in air 

The precursor (NH 4 ) 2 Ni(CrO,) a 6H.O crystallizes with a slight excess of chromium The addition 
of a small, measured quantity of (NH 4 ) a S0 4 to the preparation replaces a little chromate with sulphate, 
thus correcting the ratio This procedure is applicable to the magnesium precursor also 

For the double salt series (NH 4 ),M(Cr0 4 ) 2 2NH„ a large amount of (NH 4 ),S0 4 must be used for a 
small reduction of chromium In the synthesis of ZnCr 2 0 4 by this type of precursor, the effect was 
used to prepare a precursor deficient in chromium 

Chemical and physical measurements 

In order to identify the products, each of the chromites was chemically analysed The chromites 
are very inert chemically as well as very refractory, they require prolonged hot fusion with molten 
sodium hydroxide in order to be thoroughly attacked The total chromium was then done according 
to the procedure of Lingane and Davis l#l In order to analyse for M J+ , a separate sample of the 
chromite was dissolved by prolonged attack with sodium bromate 110 ’ in a very dilute sulphuric acid 
solution 

The lattice constants were determined with a Philips Norelco diffractometer using Cr-k* radiation 
The magnetization values were determined in a field of 10,000 oersteds using the vibrating coil 
magnetometer 1111 The results of these measurements are given in Table 2 

RESULTS AND DISCUSSION 

The results of the chemical analyses summarized in Table 1 indicate that the 
“precursor” methods described above were successful for the preparation of nickel, 
copper, zinc and iron chromites Three of the seven systems studied, namely, cobalt, 
zinc and iron chromites were obtained by “doctoring” the precursors slightly The 
somewhat high values for the Cr/M ratio obtained for manganese, and magnesium 
chromite were believed to be a consequence of the presence of excess chromium in the 
precursors Careful X-ray examination of thoroughly fired samples, by step-counting 
techniques over the intense Cr 2 0 3 peaks, indicated that no Cr 2 O s was present in the 
final products. However, a large sample (60 g) of MnCr 2 0 4 prepared for neutron 
diffraction studies showed the presence of a small amount of Cr 2 0 3 (< 1 percent). 

The lattice constants listed in Table 2 are in good agreement with those reported 
in the literature. The cubic to tetragonal transformation point of iron chromite was 
found to be —138°C ± 3°C This is considerably lower than —90°C reported by 
Francombe ( 12) . The lower value would indicate some important differences in the 
chemistry of the two compounds. 

The saturation magnetic moments ( n B ) for nickel, manganese and iron chromites 

1,1 J 1 Lingane and D G Davis Analyt Chim Acta 15 , 201 (1956) 

1,01 R. LydEn, Z Anorg Chem 223, 28 (1935) 

" 1! K Dwight, N Menyck and D O Smith,/ Appl Phys. 29, 491 (1958) 
ll!) M H. Francombe, / Phys, Chem Solids 3, 37 (1957) 
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are in good agreement with those reported by Lotgering 11 ®*. The values given in 
Table 2 for magnesium, cobalt, copper and zinc chromites have not been previously 
reported. Lotgering has indicated that the chromite (oxygen) spinels have a B~B 
interaction which is of the same order of magnitude as the AB interaction. This usually 
results in lower saturation moments than are predicted by the Neel theory of ferri- 
magnetism. Preliminary neutron diffraction experiments' 14 * on MnCr a 0 4 showed a 


Table 1 —Preparation of the stoicheiometric chromites 


Chromite 

Precursor 

Cr/M 1 *- 

Yield of 
precursor (%) 

Ref 

MgCr,0 4 

(NH 4 ),Mg(Cr0 4 ) 2 6H s O 

2 010* ; t 0 002 

70 

4 

NiCr s 0 4 

(NH 4 )jNt(Cr0 4 ) 2 6HjO 

1 999 ± 0002 

75 

7 

MnCr a O, 

j MnCrA 4C 5 HjN 

1 2 015f ± 0002 

90 

1 6 

CoCr a O, j 

CoCr a O, 4QH ,N j 

2 012* ± 0 002 

90 

6 

CuCr a 0 4 j 

(NH t ) 2 Cu(CrO,) 2 2NH S / 

2 000 ± 0 003 I 

43 i 

7 

Zr\Cr 2 0, j 

(NH 4 ),Zn(Cr0 4 ), 2NH a / 

1 995 | 0006 j 

77 j 

7 

FcCrjO j / 

NHtFefCrO'), / 

1995 ± 0005 j 
- — .1 

80 / 

8 


• Based on total Cr only 
t Based on total Mn only 


Tabi e 2 —Crystal! ographic and magnetic; properties of the chromites 


Compound 

Lattice constants (25‘C) 

- 

Transformations 

/ Rohr mag/mole \ 

' \10,000oe , 4 2°K/ 

Cubic(a„) A 

Tetragonal* 

MgCr,O t 

NtCr 4 0 4 

MnCr a 0 4 

8 333 .1 002 

8 437 ± 0 002 

a = 8 248 i 0 002 
c 8 454 ± 0 002 

Tet to cubic 
at 37"C ± 2-C 

it- 

u—t rr 

© O 

CoCrjO, 

CuCr a 0 4 

ZnCr,0 4 

FcCr a 0 4 

* Based on pi 

8 332 ± 0 002 

8 327 1 0 002 
8-377 t 0 002 

ieudocubic cell 

1 

1 

“ 8 532 J 0 003 

< - 7 788 t 0 003 

I 

Tel to cubic 
at —138’C ± 3°C 

1 20 

0 18 

0 72 

0 12 ' 

0 84 


complex spin configuration which could not be exDlameH Hv v r , ^ , 

Unfortunately, the more recent theoretical study made by Kaolfn ?uf ‘. modeL 
to pure, normal, stoicheiometric spinels Henc/it seemed d7 hi f u apP 1CS ° n,y 
a sample a, possible available for further’ . a™ a! <> oi '’ 

investigation of our sample of MnCr O is nr u Action study. Such an 

Hastings. A “ ,e]n s “"fcnaken by Conuss and 

Th '“ C °'" P<> “" <IS h * VI bM " " anMed f ” Impurities and spectroscopic 

!u> V A 0 KAp S LAN d K (1961) 

a KAPLAN, K Dwight, D Lyons, and N Menyi«j e 

nyuk, J Appl Phys Supp 32,13S (1961) 
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analyses were not performed. However, the precursors are prepared from very pore 
salts which contain very little trace impurities, and are themselves purified by 
crystallization. Where analyses of both metals were accurately determined, the total 
oxides did not deviate by more than 0*15 per cent from 100 per cent. 

Acknowledgements —The authors would like to thank Dr. D. G. Wickham, who conceived the “pre¬ 
cursor” technique for the synthesis of chromites. They wish to acknowledge the assistance of Dr. 
R. J. Arnott and N Menyuk who made the crystallographic and magnetic measurements. 
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THE PREPARATION OF URANIUM MONOCARBIDE- 
PLUTONIUM MONOCARBIDE SOLID SOLUTIONS, 
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Abstract—Hypostoicheiometricf uranium monocarbide-plutonium monocarbide solid solutions with 
no impurities detectable by X-ray diffraction or metallographic examination have been prepared 
simply by sintering at 1450-1850 U C mixtures of uranium dioxide, plutonium dioxide and graphite. 
Pellets with densities up to 12 85 g/cm s (94 5 per cent of theoretical density) were achieved by a second 
sintering of pressed pellets of the reaction product. By a similar procedure single-phase stoicheio- 
metnc plutonium sesquicarbide has been prepared with pellet densities up to 12 6 g/cm* (99 per cent 
of theoretical density) However, hypostoicheiometric plutonium monocarbide prepared in the same 
manner always contained plutonium sesquicarbide as the only impurity Arc melting of the sintered 
uranium monocarbide-plutonium monocarbide solid solutions and plutonium sesquicarbide yielded 
comparably pure materials of near theoretical density Arc melting of the sintered plutonium mono- 
carbide eliminated the plutonium sesquicarbide impurity resulting in a single-phase hypostoicheio¬ 
metric plutonium monocarbide 

Although the practical importance of plutonium-containing ceramics is based on 
their potential use as a nuclear fuel, the form of such a fuel is uncertain at this time. 
A variety of carbide fuels in different forms has been proposed, such as uranium 
monocarbide and plutonium monocarbide in solid solution as a ceramic fuel rod for 
power reactors, plutonium carbide fuel rods for specialized reactors, and either the 
solid solution or plutonium carbide in a dispersion fuel system 

A review of the literature shows that the preparation of uranium monocarbide has 
been studied quite extensively. Various methods which have been used are the 
reaction of graphite and uranium powders, a) uranium dioxide and graphite, (1 - 2) 
uranium hydride and methane, <2) and direct arc melting of uranium metal and 
graphite. (3) Much less work has been reported on plutonium monocarbide and 
plutonium sesquicarbide, but similar preparative methods have been used, such as the 
reaction of graphite and plutonium powder, <4> plutonium dioxide and graphite, 14 ' 8 * 
and direct arc melting of plutonium metal and graphite 18) However, it was not 
definitely shown with the plutonium carbides that single phase materials were achieved 
in these preparations. 

* Work performed under the auspices of the U S Atomic Energy Commission 
t Carbon deficient 

1,1 H A Wilhelm, P Chiotti, A I Snow and A H Daane, J. Chem Soc S318 < 1949) 

111 L M Litz, A. B. Garrett and F C Croxton, J Amer Chem Soc 70,1718 (1948). 

1,1 A C Secrest, Jr , E L Foster and R F Dickerson, Report BM1-1309 (1959) 

111 J L Drummond, B J McDonaid, H M Ockenden and G A Welch, J Chem. Soc 4785 (1957) 

161 R N R Mulford, F. H Ellingfr, G S Hendrix, and E D Albrecht, Conference Internationalsur le 
MCtaUurgie du Plutonium, Memoire n° 32, Grenoble (1960) 
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Uranium monocarbide is reported by Rundle* 8 ’ as being face-centred-cubic 
(NaCl type) with a lattice dimension of 4-951 A. Plutonium monocarbide is reported 
by Zachariasen ' 71 and Mulford (5) as also being face-centred-cubic (NaCI type) with 
lattice dimension in the range 4-92-4-97 A. Because of the same crystal structure and 
similar lattice dimensions, uranium monocarbide and plutonium monocarbide could 
form a solid solution, possibly over the complete range of composition. However, 
nothing has appeared in the literature on the preparation of uranium monocarbide- 
plutonium monocarbide solid solutions. Plutonium sesquicarbide is body-centred- 
cubic with lattice dimension of 8-129 A. <8) 

In this work powder metallurgical techniques, together with arc melting procedures 
were used for the preparation of the carbides after preliminary work indicated that 
these methods were the most satisfactory. 

EXPERIMENTAL 

Generally the same powder metallurgical techniques were used in the preparation of sintered 
pellets of each of the carbides. The respective powdered dioxides were ball-milled with less than 
325-mesh spectrographic grade graphite and pressed at 60 tons/m ! into 0-4 in. high right cylinders 
using a 0 407 in diameter tungsten carbide floating die Plutonium dioxide was prepared by heating 
plutomum(IV) peroxide in air at 950°C to constant weight Uranium dioxide was prepared by heating 
triuramum octaoxide to constant weight at 1200°C in a hydrogen atmosphere The average particle 
sizes of the plutonium dioxide and uranium dioxide obtained from these preparations were 1 ft and 
4 4/1, respectively The amounts of materials used (approximately 25 g) were computed on the basis 
of the following reactions. 

xUO, + (1 - x ) Pu 0 2 + (2 + y)C - (U.Pu, ,)C„ + 2CO (07<rs 0 9) 

(0 95 ^ ** 1) 

2PuO b + 7C — PUjC 3 + 4CO 

PuO, + (2 4- *)C -* PuC, + 2CO (0 71 < x < 1) 

The pressed pellets were loaded into a degassed, 1 in inside diameter graphite crucible with a 0 010 in 
thick tantalum plate separating the pellets from the crucible, and sintered in a vacuum induction 
furnace Reaction of the materials started at 1100-1200°C but the bulk of the reaction was carried out 
at 1250-1450°C. The materials were sintered at these temperatures until the pressure of the system 
under full pumping decreased and approached the starting pressure of 0 01-0 05 ft. In the uramum- 
plutomum carbide system the temperature was raised to 1850 C after the major portion of the reaction 
was over in order to complete the conversion to carbide 

The product obtained from the first sintering was usually a porous, hour glass shaped pellet which 
clearly exhibited voids and lateral laminations These pellets were ground in a flowing helium atmos¬ 
phere, passed through a 325-mesh screen, re-pressed in a vacuum pressing can and re-sintered for 
several hours at temperatures and pressures similar to the first sintering The pellets obtained from 
this second sintering were dense, right cylinders with no visible laminations or voids X-ray powder 
diffraction and metallographic examinations were obtained on these specimens to evaluate purity and 
homogeneity of the sintered products In addition, the pellet densities were measured by displacement 
in bromobenzene In some cases the second sintered materials were arc melted to determine the 
quality of product obtainable by this method 


RESULTS 

Uranium monocarbide-plutomum monocarbide solid solutions 

Single-phase hypostoicheiometric uranium monocarbide-plutonium monocarbide 
solid solutions in the range 35-9 atom per cent uranium-15-4 atom per cent plutonium 

R E Rundle, N C Baenzioer, A S Wilson, R A McDonald, / Amer Chem Soc , 70, 99 (1948) 
w H Zachariasen, The Transuranium Elements, (Edited by G T Seaborg, J J Katz and W M Mannme) 
NNES, Div IV, Vol 14 B, Paper 20 2, McGraw-Hill, New York (1949) 

W H Zachariasen, Acta Cryst 5, 17 <1952) 



The preparation of uranium monocarbide-plutonium monocarbide solid solutions 


31 


(U 0 .,Pu 0 . g C 0 #6 ) to 46-1 atom per cent uranium-5’1 atom per cent plutonium 
(U^Pi^ ]C 0 . 86 ) have been prepared by simply sintering a mixture of uranium dioxide, 
plutonium dioxide, and graphite at 1450-1850°C for 6 hr. This range of composition 
is of principal interest for breeder reactor fuels. 

X-ray powder diffraction photographs of the first-sintered hypostoicheiometric 
materials showed no impurities except for on£ 41-0 atom per cent uranium-10-2 atom 
per cent plutonium monocarbide (U 0 .gPUfl. 2 C 0 . 95 ) preparation in Which a few, very 
weak, extraneous lines appeared due to a trace of uranium dioxide or to the Cu/f/Jj 
lines of the monocarbide solid solution. No impurities of any kind were detected by 
X-ray diffraction or metallographic examination in the materials after a second 
sintering. Pellet densities up to 12*58 g/cm 3 (94 5 per cent of theoretical) have been 
achieved after a second sintering. Thus it has been shown that hypostoicheiometric 
uranium monocarbide-plutonium monocarbide solid solutions can easily be prepared 
from the dioxides and graphite in a single sintering. The re-pressing and re-sintering 
serves to densify the product and to control shrinkage of the specimen. 

Arc melting of a U 0 . 8 Puo aQm pellet that had been sintered twice yielded a button 
that was homogeneous when examined metallographically. Only one phase was 
detected by X-ray diffraction, and metallographic examination showed it to contain 
less than 3 per cent impurities. The measured density of this material is 3 per cent 
higher than the theoretical density. Impurities which could possibly be present to give 
this high density are uranium, plutonium, tungsten or tungsten carbides. However 
none of these were detected in the X-ray diffraction pattern. 

In contrast to these preparations, a stoicheiometric 45 atom per cent uramum-5 
atom per cent plutonium preparation (U 0 . 9 Pu„ jC) contained approximately 15 per 
cent of sesquicarbide solid-solution impurity after each of two sinterings. 

The crystal structure of the solid solutions was determined to be face-centred-cubic 
with lattice dimension of 4-955 to 4-963 A and isomorphous with uranium mono¬ 
carbide and plutonium monocarbide. Densities calculated from these lattice dimen¬ 
sions vary from 13 63 to 13-59 g/cm 3 , respectively. Results of X-ray powder diffraction 
and metallographic analyses and density determinations are compiled in Table 1. 

Plutonium sesquicarbide 

In preparations using stoicheiometric amounts of starting materials, two sinterings 
were done at 1250-1450°C and a third sintering at 1650-1750°C to test the effect of 
multiple sinterings on the purity and density of the product. Between the first and 
second sinterings the material was re-ground and re-pressed X-ray diffraction 
analyses showed the sintered material to be plutonium sesquicarbide with a trace of 
plutonium monocarbide as the only impurity present in the amounts: first sinter 
third sinter < second sinter. Metallographic examination of the third sintered pellet 
showed the plutonium monocarbide impurity as a matrix and also as a thin outer 
surface of zetaplutomum monocarbide. (5) The difference in impurity level between 
the three sinterings is probably due to the ease of oxidation of powdered plutonium 
carbides during handling. During the grinding of the first-sintered material in the 
flowing helium atmosphere, some oxygen and water vapour were undoubtedly 
adsorbed. Upon re-sintering, the oxygen would have reacted with the carbide and 
decreased the amount of carbon m the product, thereby increasing the amount of 
plutonium monocarbide impurity. The third sintering at 1650-1750°C was above the 
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incongruent melting point of the monocarbide, (5) and a plutonium-rich dissociation 
product was found to distill out of the material, thereby lowering the PuC impurity 
level. Sintered pellet densities up to 12-6 g/cm 3 (99 per cent of theoretical) were 
achieved after the third sintering. 

Single-phase plutonium sesquicarbide was prepared by a 6 hr sintering at 1250- 
1450°C of pressed compacts of plutonium dioxide and graphite. It was found that a 


Tabu l.—A nalyss or uranium monocarbide-plutonium 

MONOCARBIDE PREPARATIONS 


Preparation 

Density 

g/cm* 

a, (A) 
MC 

do (A) 

M.C, 

Impurity* (%) 

IWX.C 

1st sinter 


4 963 

8 094 

15 

2nd sinter 


4963 

8-094 

15 

Uy »PU|) jCo 

1st sinter 


4 957 

N D t 

<5 

2nd sinter 

12 85 

4960 

ND 

-.3 

bPu 0 8 C 0 Bfl 

1st sinter 


4 955 

ND. 

<5 

2nd sinter 

127 

4 956 

ND 

<5 

Arc melted 

14 0 

4 955 

ND 

3 

Uo yPlly 8 C 0 





1st sinter 


4-961 

N D 

•- 5 

Theoretical 

136 





umm™on tS ° f MaCa imPUmy eStimated ^ X ra y diffract.on and metallography 


t N D not detected in powder pattern 


nretnfdTm W “f need t d r “" Mth oxygen that might be 

ptestnt dun to adsorption during handling of the various mater,als. Therefore the 

rtmg mixture contained 1 per cent excess graphite over that needed to form 
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X-ray powder diffraction, metallographic analyses and density determinations are 
compiled in Table 2. '', 

Plutonium monocarbide 

Single phase plutonium monocarbide has not been successfully achieved solely by 
stn teying compacts of the dioxide and graphite. In a series of preparations df-41‘5, 
45-0,470 and 50-0 atom per cent carbon, the products formed by a riagterinteriitg 

' " ' 1 TA»U2.--ANjaYSSSOTPUnwmWSE*QWCAa|B»MW«ATI0H» .'-Yvtt! 



1450°C contained plutonium sesquicarbide as the only impurity found in the X-ray 
diffraction pattern. The estimated amount of this impurity varied from 20 to 50 per 
cent. Grinding, re-pressing and re-sintering of these preparations did not materially 
alter the amount of plutonium sesquicarbide. However, arc melting of the second- 
sintered 45-0 and 47-0 per cent carbon materials did yield virtually single phase 
materials. No plutonium sesquicarbide was detected in this material by X-ray 
diffraction and only a trace amount was detected by metallographic examination. 
Arc melting yielded buttons with densities up to 13-4 g/cm 3 (98-5 per cent of theoretical 
density) for the hypostoicheiometric plutonium monocarbide. 

The lattice dimension of the face-centred-cubic plutonium monocarbide phase 
was found to vary from 4-960 to 4-977 A, including all values for this phase whether 
present as the predominant constituent or as an impurity in other carbide preparations, 


CONCLUSIONS 

1. Single-phase hypostoicheiometric uranium monocarbide-plutonium mono¬ 
carbide solid solutions of the compositions U 0 . 9 PU 0 . 1 C 0 . 95 , Un-gPu^C,,^ aad 
Uo. 7 Puo.sC 9.95 have been prepared by sintering the dioxides and graphite. It was 
determined that uranium dioxide, plutonium dioxide and graphite can be reacted to 
form a monocarbide solid solution without first making the monocarbides separately 
or the solid solution of the dioxides. Sintered pellet densities up to 12-85 g/cm» 
(94-5 per cent of theoretical) were achieved. Arc melting of the sintered product 
yielded a comparably pure single-phase macroscopically homogeneous button. 

2. Single-phase plutonium sesquicarbide has been prepared in a single sintering 
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% powder metallurgical techniques from plutonium dioxide and graphite. A slight 
excess of graphite over that needed to form a stoicheiometric compound was used in 
die preparation to insure complete reaction of all oxygen present. 

3. Completely single-phase hypostoicheiometric plutonium monocarbide has 
not been prepared solely by powder metallurgical techniques. The preparations 
always contained plutonium sesquicarbide but no other impurities were detected by 
X-ray diffraction. The resulting sintered material is, however, a good material to arc 
melt into single-phase plutonium monocarbide. Arc melted button densities of 
13-4 g/cm s (98-5 per cent of theoretical) for single-phase plutonium monocarbide have 
been achieved. 

4. Powdered plutonium carbides are easily oxidized and are pyrophoric m some 
cases, necessitating a highly inert system for the procedures in which the powders are 
handled such as grinding and compacting. 

Acknowledgements —The authors wish to thank W. J. Maraman for frequent, helpful consultations on 
this project. Group CMB-1 for chemical and X-ray diffraction analyses, and Group CMF-5 for 
metallographic examinations. 
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Abstract—Above 1200°C four phases are present in the U0,-Y,0,-0, system, namely; U»0„ a 
mixed oxide phase having the fluorite structure, a rhombohedral phase and Y,0,. The fluorite phase 
was found to exist between 30 and 72 5 mole per cent YO,.,. Between 74-5 and 81-0 mole per cent 
YO, s the fluorite phase and the rhombohedral phase co-exist The ideal composition of the rhombo¬ 
hedral phase is UO,. #0 -6YO,., (85-7 mole per cent YO,.,). The rhombohedral phase is found between 
81 -0 and 87-7 mole per cent YO,,, and co-exists with yttrium oxide between 87-7 and 95-6 mole per 
cent YO,., 

X-ray diffraction methods were used to determine the mechanism and kinetics of the reaction 
between UO, or U,O s and Y,0, to form the rhombohedral phase. Between 1000 and 1100°C a fluorite 
phase having an approximate composition UO,. t0 -2YO,, is formed as an intermediate in the reaction 
with only a slow conversion to the rhombohedral phase. At 1200°C and above the formation of the 
rhombohedral phase proceeds more rapidly, going to completion in 6 hr or less at 1400°C. 

The X-ray diffraction data indicate good agreement with the .lander model for the formation of the 
rhombohedral phase The reaction proceeds at least in part by diffusion of gaseous UO, to the surface 
of the Y,O a particles. Further reaction involves bulk diffusion of uranium through the surface layer. 
An activation energy of 91 kcal/mole was obtained for the diffusion process. 

Previous investigations into the U0 2 -Y 2 0 3 -0 2 system above 1200°C have revealed the 
presence of three phases, namely; U 3 0 8 , a mixed oxide phase having the fluorite 
structure, and Y 2 0 3 . a) In studies at 1200°C, Hund et al. (1) found the fluorite phase 
exists between 30 and 65 mole per cent of YO,. 8 . In this range the lattice parameter 
of the face-centered cubic cell decreases regularly from 5-376 to 5-317 A. These values 
were converted from the original results reported in kX units. The fluorite phase has a 
cation sub-lattice which is statistically fully occupied. At low yttrium oxide content, 
oxygen is statistically distributed in the octahedral vacancies. At about 55 mole per 
cent ofYO^s the cation and anion locations are both fully occupied. At still higher 
YO r6 concentrations vacancies occur in the oxygen sub-lattice. The authors* 1 ’ report 
the inability to attain complete conversion, presumably to the fluorite phase, on the 
side of the system which is rich in yttrium oxide. 

In work performed at this laboratory the system was studied by reacting the mixed 
powders in air at approximately 1700-1800°C. In addition to the phases found by 
Hund et al. ll) , a phase exhibiting rhombohedral symmetry was also found. Here the 
fluorite phase was found to exist between 30 and 72-5 mole per cent Y 0 Vi . The lattice 
parameters obtained from solid solutions in this region are in good agreement with 

* Present address. Pratt and Witney Aircraft, North Haven, Connecticut. 

111 F, Hund, V. Peetz and G. Kottenhahn, Z. Anorg Chem. 278, 184-191, 1955. 
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those of Hum> et al. a) Between 74-5 and 81-0 mole per cent Y0 2 6 the fluorite phase 
and the rhombohedral phase co-exist. The ideal composition of the rhombohedral 
phase is UOj.weYOx.s (85-7 mole per cent YO^. The rhombohedral phase is found 
between 81*0 and 87*7 mole per cent Y0 1<B . and co-exists with yttrium oxide between 
87*7 and 95*6 mole per cent YOj.j. Thermal balance studies have been conducted on 
blended \JQ s -4YO Vi powders. 1 *' No change in the stoicheiometry of the yttrium 
oxide was obtained in the temperature range of these experiments. Thermogravimetric 
analyses (TGA) indicated that UO 2 . 0 was oxidized to U 8 O g prior to its reaction with 
YjO a . This oxidation was found to proceed in two distinct stages: a rapid oxidation 
of UO 2 . 0 to U 0 2 .35 between 130 and 280°C; a constant weight plateau between 280 
and 330°C and an extremely rapid oxidation to U0 2 . M between 330 and 348°C. 
Oxidation to U0 2 . e7 was completed by 450°C. Above 600°C, a slight loss of oxygen 
was observed, and by 1200°C the oxygen-uranium ratio was reduced to a value of 
about 2*60. Further heating above 1200°C resulted in an increase in weight with 
temperatures to 1460°C. This is in sharp contrast with undiluted UO 2 . 0 which under¬ 
goes weight loss above 1250°C (presumably due to volatilization of UO s ). The 
UOj+j-fiYOj.j composition attains an equilibrium weight of 1460°C corresponding to 
an oxygen-uranium ratio of 2 90. During 22 hr at 1460°C the sample weight remained 
constant (i.e. no volatilization of urania occurred). Upon cooling to room temperature 
a slight oxidation occurred increasing the oxygen-uranium ratio to 2-92. 

X-ray diffraction analysis indicated the product of the TGA runs to be the rhombo- 
hedral phase. Chemical analysis for U 4+ and U af in a sample prepared by reaction m 
air at 1460°C gave an oxygen-uranium ratio of 2*90, in excellent agreement with the 
thermal balance results. The lattice parameters of the rhombohedral phase are 
fl 0 = 6*530 A and a = 99°4' as determined from X-ray diffraction powder patterns. 13 ’ 
The more convenient hexagonal lattice constants are a 0 = 9*93 s A and c 0 = 9*36 0 A. 
These have been confirmed by the analysis of diffraction patterns obtained from single 
crystals. X-ray patterns for the rhombohedral phase, a representative fluorite phase 
(UO 2 . 90 *2YO 1 6 ) and yttrium oxide are presented in Table I. 

The potential usefulness of the rhombohedral phase led to an investigation of its 
preparation. Analysis of the results gave a better understanding of the kinetics and 
mechanism of the formation of the phase. 

EXPERIMENTAL 

The materials used in this investigation consisted of Mallinckrodt U0 2 powder (purity. >99 99 
per cent) and y,O a powder obtained from the Dow Chemical Co (99-9 per cent pure). The powders 
were blended in the dry state by means of a Mix-R-Mill (Spex Industries, Inc , Scotch Plains, New 
Jersey). This is a specially designed device for blending and grinding of ceramic powders. After 
blending, the homogenous mixtures were fired in platinum cups for various periods of time in air at a 
number of temperatures. The products obtained were examined both visually and by X-ray diffrac¬ 
tion 

RESULTS 

The discussion of the results can be divided into two sections, depending on whether 
the experiments were conducted above or below 1200°C. Below this temperature 
important information is obtainable regarding the mechanism of the formation of 
U 0 2 . 9 o' 6 Y 0 1 , 6 , while above 1200°C the kinetics of the reaction were studied. 

(g) E. F, Juenke, To be published. 

t * ) S. F. Bartram end G A. Chase, Private communication (1961). 
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The results of the X-ray diffraction analysis of mixtures fired below 1200 P C ace; 
found in Table 2. On experiments using equimolar mixtures of UQg or UOj. OT and 
Y t O s fired for 120 hr at 1100°C and 64 hr at 1310°C a single, face-centred cubic phase 
was obtained having a lattice parameter, Oq » 5-33 A. This suggests that the cubic 
phase formed in the U0 2 -3Y 2 0 3 reaction at 1000 and 1080°C has a composifion dose 
to that of UO 2 . 90 *2YO 1 . s . t 11 , 


Table 1.— X-ray diffraction patterns for UO,. m -2YO,.,; UO^M-dYOi., and YA 


UO,., 0 -2YO 1 . i 

UO,. M 6YOj, 5 

YA 

Face-centred cubic phase 

Rhombohedral phase 

Body-centred cubic phase 

4(A) 

hkl 

4(A) 

hkl* 

4(A) 

hkl 



6 35 

Oil 





4 97 

110 

4-34 

211 



4 12 

102 





3-92 

201 





3 16 

022 





3 12 

003 



3 08 

111 

3-08 

121 

3 06 

222 



2 87 

300 



2-665 

200 

2 673 

212 

2 652 

400 



2 644 

113 

2 500 

411 





2 372 

420 



2 313 

311 

2 261 

332 





2165 

422 



2 125 

132 





2 111 

303 





2 056 

204 

2 080 

510 



1-943 

223 

1-936 

521 



1 900 

124 



1 884 

220 

1 877 

410 

1 874 

440 

1-607 

311 

1-609 

413 

1 599 

622 



l 602 

421 




* Indexed on basis of hexagonal cell. 


Transpiration experiments conducted in an oxidizing atmosphere show U 3 O g to 
have a high volatility at relatively low temperatures.' 4 ’ The vapour species in equi¬ 
librium with U 3 O g is assumed to be U0 3 . To determine the importance of the vapour 
phase in reactions between U0 2 . 67 and Y 2 0 3 in air, Y 2 O s pellets were fired in a 
platinum boat in close proximity, but not physically in contact with U 3 O g powder. 
This experiment was conducted at 1310°C for 64 hr during which time the exposed 
portions of the Y 2 0 3 pellet were completely covered by a blue-black skin. X-ray 
examination of the skin showed it to be face-centred cubic with a lattice parameter of 
5-32 A which corresponds approximately to the UO 2 . 90 '2YO 1 . 5 composition. 

The reaction between U0 2 . 67 and 3Y a O a is thus assumed to proceed as outlined in 

'* l R. J. Ackermann, R. J. Thorn, C. Alexander and M. Tetenbaum, J. Phys. Chem. 64, 350-55 (I960). 
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Fig. 1. As shown by the X-ray results the conversion of the mixtures to the rhombo¬ 
hedralphase is extremely slow at 1000°C but becomes more rapid at 1200° and above. 
Complete conversion was apparently obtained after 64 hr at 1310°C. Visual inspection 
of UGj.gr-SYjjO, mixtures fired between 1000° and 1420°C very often gave a good 
indication as to how far the reaction had proceeded. Where more than one phase was 
present a salt and pepper effect was observed, the reacted powder becoming more 
homogeneous in appearance as the time at temperature was increased. 


Table Z—• Phase relations for UO,-3Y,0, after reacting in air between 1000° and 1420°C 


Exp.no. 

Temp. 

(°C) 

Time 

(hr) 

Phases found 

76 

1000 

100 

Y 2 0, + FC cubic phase (a 0 = 5 33, A) t trace rhombohedral 
phase 

78 

1000 

480 

Y,O a + F.C. cubic phase (a 0 = 5-32, A) + trace rhombohedral 
phase 

1 

1080 

16 

Y a O, + FC. cubic phase (a„ - 5-32, A) 4 trace rhombohedral 
phase 

108 

1100 

65 

Y,O a 4- rhombohedral phase 

121 

1100 

120 

Y.Oj f rhombohedral phase 

40 

1190 

6 

YjO a 4- rhombohedral phase 

44 

1 1190 

36 

Y,0, 4- rhombohedral phase 

9 

1310 

64 

Rhombohedral phase 

31 

1420 

6 

Rhombohedral phase 4- trace Y„0 3 



A comparison of the X-ray diffraction patterns for the rhombohedral phase and 
Y 2 O s (see Table 1) show that both patterns have a common peak at about 3-08 A 
(Peak A). The rhombohedral phase has a peak at 312 A (Peak B) to which Y 2 O a 
makes no contribution. 

By measuring the ratio of the intensities of Peak A to Peak B one can determine the 



3Y X~'000^ 


2 Y ? 0 3 


~I2 00’C 


UOj 90 


' 6 Y 0 | 5 


Fio 1 


extent to which the reaction proceeded. Therefore, synthetic mixtures were prepared, 
composed of varying quantities of U 3 O s , Y 2 0 3 and the rhombohedral phase. As seen 
in Fig. 2, this peak ratio varies from 10 at 30 per cent of completion to 3-4 at 100 per 
cent of completion. This empirical curve was used to determine the extent of reaction 
in fired U0 2 . #7 -3Y 2 0 3 mixtures. An example of the results obtained in this way is 
shown m Fig. 3 for two mixtures fired for 2 and 18 hr at 1190°C and which have gone 
to 3 5 and 72 per cent of completion, respectively. As seen in Fig. 4 the time dependency 
for the formation of UO 2 . 90 '6YO 1 . 5 is non-linear. 

The data suggest that Jander’s model for the kinetics of solid-state reactions 
be tested.' 6 ' A number of other workers have analysed their data in terms of this 

rtl W. Jander, Z. Anorg Chem. 163, 1 (194T). 
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model.* 4 '*’ J ander considered a sphere of radius r which develops a reaction product 
of thickness y over its entire surface. One can relate x, the fraction of the sphere 
reacted, to r and y by the following relationship: 


_ volume of original sphere-volume unchanged after time t 
volume of original sphere i 


Solving for y 


4flT® 4m 


477T 3 

~r 


x=l'~ 


(r - y) 3 

t*8 


y = K1 - ^(1 - *)) 



u 


( 1 ) 


The rate of thickening of the reaction product was assumed to be inversely pro- 


portional to its thickness • 

dy k 

(2) 


dt y 

Integration of (2) gave: 

y 2 = 2kt 

(3) 

Substituting for y 2 in (3): 

II 

cSl'SL 

II 

04 

1 

*—■< 

”> 

1 

(4) 


A plot of (1 — ^(l — x)) 2 vs t should therefore be a straight line. For convenience 
the results have been plotted on logarithmic paper, and as seen in Fig. 5, a linear 
relationship having the expected slope of unity was obtained for the family of curves. 

The expression relating the parameter (1 — -^(l — x)) 2 to time is a true rate 
expression since it relates the fraction of the sphere converted to the rhombohedral 
phase per unit time. Therefore the values of K are related to the absolute temperature 
(J) by the standard Arrhenius equation: 

K = A exp (5) 

An average value of K at each temperature was obtained from individual (1 — 
fy(\ — x)) 2 and t values. A plot of log K against l/T (Fig. 6) gives an activation 
energy, A£, for the reaction of 91 kcal/mole. 

In a practical sense the kinetics data allow one to predict the time required to 
convert U0 2 . e7 -3Y 2 0 3 mixtures to the rhombohedral phase if the particle size of the 
Y 2 0 3 is known. For the material used in this investigation the time varies from 670 hr 
at 1190°C to 8 hr at 1420°C. 

<*> G Economos and T. R. Clevenger, Jr., J Amer. Ceram. Soc. 43, 48 (1960). 

<’* Y. Iida, J Japan Soc Powder Metal! 6, No. 2, 11 (1959). 

<•> P J. Jorgensen, M. E. Wadsworth and I. B. Cutler,/. Amer. Ceram. Soc 42, 613 (1959). 

H. Kedesdy and A. Drukalsky, /. Amer. Chem. Soc. 76, 5941 (1954). 

uni nHr* 

'kQQ’llL. 
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discussion And conclusion 

In the results presented here the reaction between UO t or UO^ and 3Y 2 0 2 
proceeds by means of an intermediate face-centred cubic phase having the fluorite 
structure and an approximate composition of UO^^YO^g. At 1000°C, even after 
480 hr, this phase is present in major amounts and only a very small amount of the 
rhombohedral phase is found to be present At 1100°C after 65'and 120 hr, the major 
phases are Y 2 0 8 and a measurable amount of the rhombohedral phase. Thus, the 
reaction between the UO a . OT and Y 2 0 8 to form the rhombohedral phase is very 
sluggish at 1000°C, but proceeds more rapidly at 1100°C, and still more rapidly above 
1200°C. The experiment in which the isolated Y 8 O a and U 8 O g were fired suggests that 
the initial reaction involves the oxidation of U 8 0 8 to volatile UO s , which reacts on the 
surface of the Y a 0 3 particles to form the UOj.go^YOj 5 . As the temperature or time 
at temperature is increased additional uranium reacts with the surface layer by both 
vapour phase and bulk diffusion to form UO 2 . 90 -6YO 1 . 6 on the surface of the Y 2 O a 
particles. As indicated by the agreement of the experimental data with the Jander 
model, <5) the urania rich phase formed on the surface of Y 2 0 3 particles acts as a 
diffusion barrier to the transport of uranium ions to the interior of the particles. An 
activation energy of 91 kcal/mole was obtained for the reaction process. It should be 
kept in mind that in order for the Jander model to be rigorously obeyed uniformly 
sized particles must be used. This assumption cannot be made in the present case. 
However, the apparent agreement with the model allows one to predict, in a practical 
manner, the kinetics of the U0 2+a .-3Y 2 0 8 reaction. A more detailed description of 
the diffusion process must await the determination of the structure of the rhombo¬ 
hedral phase. 

The results obtained here help to explain the observations of Hund et al. a) 
regarding the sluggish reactivity of mixtures on the side of the system rich in yttrium 
oxide. As indicated in Table 2 and Fig. 5, only a portion of the mixture would have 
been converted to the rhombohedral phase at 1200°C. An increase of either the 
temperature or the time at temperature would have converted the oxide mixture to the 
rhombohedral phase. 

Acknowledgements —The authors wish to extend their thanks to G Chase, S. Bartram and R. Haao 
for their help during the course of this investigation. 
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THE PREPARATION AND IDENTIFICATION OF 
N-FLUORO-N'-TRIFLUOROMETHYLDIAZINE-N'-OXIDE* 

J. W. Frazer, B. E. Holder and E. F. Worden 

Lawrence Radiation Laboratory, University of California, Livermore, California 

(Received 14 June 1961; in revised form 17 August 1961) 

Abstract —The compound N-fluoro-N'-trifluoromethyldiazine-N'-oxide (CF,NONF) has been pre¬ 
pared from the reaction of CF,1, NO, and N,F 4 by ultra-violet and thermal activation. Its structure 

O 

t 

has been shown by NMR and ultra-violet absorption data to be CF,—N—NF. 

N-Fluoro-N'-trifluoromethyldiazine-N'-oxide (CF 3 NONF) was first found as a 
by-product of reaction (1) when the starting compounds 

CF 3 I + N 2 F 4 - CF 8 NF 2 + 1 + NF 2 (1) 

were activated by ultra-violet light (> 2750 A) in Pyrex. The necessary nitric oxide 
was supplied by reaction (2). 

N 2 F 4 + SiO a 2NO + SiF 4 . (2) 

Thermal activation of CF 3 I and N 2 F 4 in Pyrex can also be used for the synthesis of 
CFgNONF. 

EXPERIMENTAL 

Apparatus and reagents The syntheses by ultra-violet excitation were carried out in a 310 cm* 4rr 
Pyrex reactor which was thermostated at 26 ± 5°C or 46 ± 5°C by circulating water. A 200 W low- 
pressure mercury arc was used as an excitation source 

All thermally induced reactions were carried out in hermetically-sealed Pyrex bombs of ~75 cm* 
capacity. 

The starting materials were always at a total pressure of less than 1 atm and present in mole-ratios 
equivalent to the indicated stoicheiometry Research grade chemicals were used in all reactions. The 
N a F 4 t had a purity of >99 5 per cent. 111 

Analytical procedure Identification of the reaction products was made by gas chromatography, 
mass spectrometry and infra-red data Usually the initial separation and purification of the reaction 
products was made by gas chromatography and the quantity of the purified compounds determined 
by P-V-T measurements. Preliminary separations of the reaction products were made using a 20 ft 
column of di-n-decylphthalate on C-22 firebrick (15 100 ratio by weight) Final purification was 
accomplished by a 10 ft activated silica gel column (40-60 mesh). The columns were operated at 
ambient temperature and a helium flow rate of ~100 cm*/min. 

The by-products from the synthesis often reacted with the chromatographic columns. Because of 
this problem and the difficulty of separating and determining all the products, only carbon containing 
compounds obtained in appreciable yields were quantitatively determined. 

RESULTS 

Synthesis data. Tables 1 and 2 list the ultra-violet and thermally activated reactions 
explored during the synthesis of CF 3 NONF. Synthesis conditions are indicated with 

* This work was performed under the auspices of the U.S. Atomic Energy Commission, 
t N,F t may be purchased from Peninsular Chemical Research Inc, P.O. Box 3597, Gainsville, 
Florida 

“> J. W Frazer, J Inorg. Nucl. Chem. II, 166, (1959). 
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_ T>»ir 1— Reactions activated by ultra-violet excitation (>2750 A) 

CF,I + N,F 4 CF.NF, + CF.NO + CF.NONF + I, 

22-8%* NMt 6-5% 

CF.l + NO + N,F< ultn ^lfc' - t I - ^ CF.NO + CF.NONF + (CF.NF,) + I, 

12% 17% NM 

CF.l + NO ultr 7 8 1 3 °c et l ---> CF.NO + I, 


CF.NO + N.F, uUra '^ -—CF.NONF 


CF.NF, + NO No reaction 


, r , , , _ r _ viUrB-vlolet 1 hr VT 

CF.NF, + NO + N,F 4 -->- No reaction 


, vr r- ultra-violet 2 hr XT ._ 

CF.NO -t N,F, - 77 ^ 7 , -► No reaction 


CF.NONF -' ”; v g°c tlhr > - 36% decomposition 

[including 22 % CF.NF, and 35 % CF.NOl (10) 

* Yield values as based on the available CF, groups 
t NM—not measured quantitatively 

Table 2—Reactions activated bv heating in pyrex 
AT 120°C FOR 1 HR 

CF.l + N.F. — CF.NONF + CF.NF, + 1, (11) 

35% 11% 

CF.l + NO + N S F 4 - CF.NONF + CF.NF, + I, (12) 

45 %* NMt 

CF.NO + N,F 4 -*• CF.NONF + CF.NF, (13) 

45% 20% 

CF,I + NO -*• No reaction (14) 

CF.NF, + NO -»■ No reaction (15) 

CF.NONF -*• No decomposition in 24 hr (16) 

* Yield values as based on the available CF,-groups 
t NM—not measured quantitatively 

each reaction plus yield data based on the available (CF g —). It should be noted that 
the synthesis of CF 3 NONF can be accomplished by either ultra-violet excitation or 
thermal activation of CF S 1 plus N 2 F 4 in a Pyrex reaction vessel (reactions 3 and 11 in 
Tables 1 and 2). The addition of NO to the starting materials (CF 8 I plus N a F 4 ) 
enhances the CF s NONF yield (reactions 4 and 12). If NO is not added as a starting 
material CFjNONF cannot be synthesized until the NO is produced by reaction (2). 
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The CF a NONF yield of the thermally activated reaction is considerably greater 
than that of the ultra-violet activated reaction. This is due at least in part to the 
difference in the stability of CF a NONF with respect to ultra-violet excitation and to 
heat. When the CF,NONF is very pure, there is no decomposition in Pyrex at 120°C 
in 24 hr (reaction 16), but the ultra-violet irradiation of the compound results in a 
35 per cent decomposition in 1 hr (reaction 10). '' ( 

From the synthesis of CF*NONF the only other compounds of interest were 
CF a NF a and CF 3 NO. N,N-difluorotrifluoromethylamine (CFjNF^) was present 
regardless of whether the synthesis was carried out by ultra-violet excitation or 
thermal activation. However, CF 3 NO was only present when the synthesis was 
carried out by ultra-violet excitation. The thermally induced reaction of CFjJ and 
NO did not yield CF s NO (reaction 14). 

When CF 3 NF 2 plus NO are subjected to the same conditions used for the synthesis 
of CF 3 NONF no reaction occurs (see reactions 7 and 15). It is therefore concluded 
that CF 3 NF 2 is an end-product in the synthesis of CF 3 NONF. These observations 
suggest that the groups in CF 3 NONF are not arranged in the order of (CFa)—(NF)— 
(NO). 

When CF 3 NO plus N 2 F 4 are ultra-violet or thermally activated (reactions 6 
and 13) CF 3 NONF is synthesized. This suggests that the groups in CF s NONF are 
arranged in the order (CF a )—(NO)—(NF). 

Since CF a NO can only be an intermediate compound in the uv activated reactions, 
there must be at least two different mechanisms by which CF 3 NONF can be synthe¬ 


sized. Two such possible mechanisms are suggested below: 

CF 3 I fflra-vioiet^ CF a + I (17) 

CF S + NO ultr> - vl0 ‘ 6t -» CF 3 NO (18) 

N 2 F 4 ^ir^2NF 2 (19) 

CF 3 NO + NFj ultra-violet or^ CFjNONF + F (20) 

dnd 

ultra-violet or 

NO + NF 2 ; > NONF 2 (21) 

CF S I + NONF 2 CF 3 NONF + F + I. (22) 


Johnson and Coburn (2) have reported the thermal free-radical decomposition of 
N 2 F 4 at ambient temperature, making these overall mechanisms attractive. 

Analytical and physical property data. From the mass spectrum data (Table 3) 
CF 3 NONF was shown to contain (CFg), (NO), and (NF) groups. The infrared 
spectrum (Fig. 1) showed absorption bands in the regions where these groups are 
normally active. A determination of the molecular weight by the method of limiting 
densities yielded a value of 132-1 versus 132-0 calculated for a compound CF 4 N f O- 
(CFjNONF). This agrees with the molecular weight (132) obtained by mass spectrum 
data. The compound is therefore limited to just one of each of the groups (CF*), 
(NO), and (NF). m 


F. A Johnson and C. B. Colburn, "The tetrafluorohydrazine-difluoro-amlno radical equilibrium," 
Presented at the American Chemical Society Meeting, St. Louis, Missouri, March 21-30, 1961. 



J. W. Frazer, B. £. Holder and E. F. Worden 
Table 3.— Mass spectrum data for CF»NONF 


4t 


mje 

Ion assignment 

Pattern (%) 

I a = 247 mA 

la = 426 mA 

12 

C+ 

2-89 


14 

N+ 

4-20 


16 

o + 

4-56 


19 

F+ 

1-75 


28 

IV 

7-28 


30 

NO* 

3687 


31 

CF* 

1013 


33 

NF* 

3-89 


44 

N.O* 

10-92 

8-60 

45 

CFN+ 

1 04 

1 39 

47 

N,F* 

16 35 

16 88 

50 

CF t * 

9 74 

1210 

63 

NONF+ 


0 12 

64 

CF,N* 


0-82 

66 

CF.O* 


0 59 

69 

CF,* 

100 0 

100 0* 

99 

CF.NO* 


0 94 

132 

CF.NONF* 


1 83 


* CF, + sensitivity — 12 9 div//i 



This compound is a gas at room temperature and a clear liquid in the condensed 

41509 

phase. The vapour-pressure can be expressed by log 10cm .P = 5-0989 -—- 

116667 

■ — ■ over the range 238-267 K. The boiling point is —7-5 ± 0-2°C. 

Some of the most reasonable structures of CF 3 NONF are 

o 

t F 

CF,—N=NF CF,—O—N=N—F CF,—N=N—O—F CF,—N—N=0 

I . II III IV 

shown by I through IV. From the synthesis data structure I was preferred; this 
assignment was confirmed by nuclear magnetic resonance and ultra-violet absorption 
spectra data. 
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Nuclear magnetic resonance data. The M F spectrum of the two fluorine resonance 
peaks was observed at 40-0 Mc/s (Fig. 2). The chemical shift of the two peaks relative 
to the CFj in trifluoroacetic acid is given in parts per million. The peak at — 118-7 
p.p.m. is broad and shows no structure, while the signal at —7-0 p.p.m. shows six 
peaks and appears to be three sets of doublets. Double irradiation at a nitrogen 
frequency of 3,072,050 ± 25 cycles changed the -7-0 peak to a’doublet. From this 
behaviour it is evident that the —7-0 p.p.m. peak is coupled to a nitrogen and also to 
another nucleus of spin £. The only nuclear species present of spin 1 is fluorine, and 
it therefore must be a single fluorine at — 118*7 p.p.m. coupled to the fluorines at 
—7-0 p.p.m. It is concluded that the peak at —7-0 p.p.m. arises from a —CF S group 

F 19 in CF 3 COOH 
(Used os reference) 



Fig 2.—The nuclear magnetic resonance spectrum of CF.NONF at 40 0 Mc/s. 

and from measurements on the original and decoupled spectra the spin coupling 
constants are • 

■^cf 3 - f_ u , , = 7*1 ± 0-5 cs 
*^cf 8 —n = 11-9 ± 0-5 cs 

The broadness of the single fluorine at — 118-7 is reasonable if it is split into a quartet 
by the —CF 3 group and then further coupled to a nitrogen giving a broad unresolvable 
set of lines. 

Additional double irradiation experiments were performed to show that the 
— 118*7 p.p.m. peak is indeed coupled to a nitrogen and, furthermore, this is a 
different nitrogen than the one coupled to the —CF 3 group. One irradiation was 
already mentioned previously as detecting a N—CF 3 coupling which could be removed 
by saturating a particular nitrogen at 3,072,050 ± 25 cycles. For the purposes of 
identification this nitrogen has been labelled N(CF S ). 

Another frequency was found in the nitrogen region which would shaipen the 19 F 
peak at — 118-7 p.p.m. The nitrogen irradiation frequency was 3,071,930 ± 25 cycles. 
Since it was necessary to reduce the dc magnetic field 111-7 p.p.m. (118-7 — 7-0 p.p.m.) 
to go from the CF s peak to the single fluorine, theprecessionfrequency of theN(—CF S ) 
would have also been reduced by (111-7 x 10 -9 ) x (3-072 x I0 8 ) = 342 cycles, and 
its precession frequency during the time we were observing the single fluorine de¬ 
coupling was then 3,072,050 — 342 cycles = 3,071,708 cycles. This precession 
frequency is 222 cycles different from the 3-071930 Mc/s frequency which did have a 
decoupling influence on the —118-7 peak. Therefore, the two types of fluorines are 
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coupled to two different nitrogens. The magnitude of the coupling of the FC— 118*7 
p.p.m.) to its nitrogen, N(F), is not known accurately but is estimated to be of the 
order of 50 cycles from the fact that the F(—118-7 p.p.m.) peak begins to show 
structure if the sample is examined at room temperature. Most of the initial measure¬ 
ments were made near zero degrees centigrade. 

Double irradiation of the nitrogens while holding the field constant were carried 
out to confirm the above conclusions. In this case the dc magnetic field was held 
constant while using just enough sweep field to span the peak under observation. 
The fluorine resonances were stimulated with a variable but stable 40 Mc/s oscillator 
and the output of the probe observed through the nuclear magnetic resonance receiver. 
With the field fixed, the 40-0 Mc/s oscillator frequency was adjusted to bring one of 
the fluorine resonances on to the oscilloscope. The nitrogen frequency was searched 
until a decoupling of the fluorine was observed. With the field still unchanged and the 
nitrogen saturating oscillator fixed at its decoupling value, the 40 0 Mc/s oscillator 
was changed to bring the other fluorine signal on to the oscilloscope to see if there 
was any decoupling of the second fluorine. The observed results are given in Table 4. 


Table 4 —Values of the double irradiation experiments 



Effect on CF, peak 

Effect on single U F, 

Nitrogen frequency 

"F at 40 000100 Mc/s 

’■F at 40 004571 Mc/s 

3 072025 Mc/s i- 25 cycles 

Decoupled to a doublet 

No effect 

3-072225 Mc/s : fc 25 cycles 

No effect 

Peak sharpened 


The two approaches for measuring the chemical shift of the nitrogens relative to 
each other gave 222 (frequency constant) and 200 (field constant) cycles respectively. 
Because the strength of the saturating rf must be high in order to achieve the de¬ 
coupling, the frequency position of maximum decoupling effect is sufficiently uncertain 
to make this deviation reasonable. 

The observed spectra and decouplings are most consistent with structure I. 
Structure II is unlikely because it is felt that a N—CF 3 spin coupling of the observed 
magnitude would not be earned through a F—C—O—N bond system. The apparently 
large N—F coupling (about 50 cycles) is much larger than would be expected tfirough 
a —N—O—F bond arrangement as in structure III. On the other hand the —118-7 
chemical shift is in the region commonly measured for fluorines bonded to nitrogen. 
Structure IV would indicate that both types of fluorine should be spin coupled to the 
same nitrogen. The double irradiation experiments proved that the two types of 
fluonnes were actually coupled to different nitrogens thus r ulin g out structure IV. 

Ultra-violet absorption data. The absorption spectrum of CFgNONF consists of a 
weak absorption band with a maximum at 2770 A (c m . T = 7-3) and a shallow minimum 
at 2670 A (€ m j„ = 6-9) followed by a strong ultraviolet absorption with a maximum 
at 2125 A (« msx ~ 4500). The compound exhibits no absorption bands with e > 0-05 
between 3500 A and 12,000 A. 

The ultraviolet spectrum of CFgNONF yields strong evidence for the identification 
of the compound with structure I. 

Structure IV contains the group X — N = O where X has a nonbonded pair of 
electrons. Compounds containing this group have absorptions with considerable band 
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Fig 3 —The absorption spectrum of CF,N,0 and the absorptions of compounds 
containing various nitrogen-oxygen groups The type of transition and absorption 
coefficient at maximum (ej is given above each absorption band. 


Table 5 —Absorption characteristics of CF,NONF, CF,NO a , and CH,NO, 


Compound 


Weak continuum 


Strong continuum 

ax 

fmax 

Amin 

c mln 

/x 10* 

Am ax 

Cm ax 

CF,N a O (I) 

2770 

73 

2670 

69 

2 

2125 

>3000 

CFjNOj 141 

2775 

11-2 

2370 

20 

— 

— 

>3000 

CH.NCV 581 

2750 

8 1 

2450 

39 

25 

1975 

>3000 


structure in the 3000-4000 A region/ 31 see Fig. 3 fb, c). Structure II is electronically 
similar to IV and to methyl nitrite and would be expected to have a similar absorption 
spectrum. Since the spectrum of CF 3 NONF does not have an absorption with band 
structure m this region of the spectrum, structures II and IV seem unlikely. 



group of structure I is electronically similar to the nitro group 


, * 1 C. H Purkis and H. W. Thompson, Trans Faraday Soc 32, 674, 1466 (1936). 
•*> J Mason, J Chem Soc 3904 (1957). 

1,1 N. S. Bayliss and E G. McRae, J Phys Chem. 58, 1006 (1954). 

«•> S Nagakura, Mole Physics 3, 152 (1960) 

1,1 R. N. Haseldine and B J H. Matitnson, J Chem. Soc 4172 (1955). 
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J. Compounds containing the nitro group have a weak continuous absorption 

with a maximum at roughly 2750 A followed by a strong continuum. This is the type of 
absorption exhibited by CF 4 N 2 0. The similarity in position and strength of the 
ultraviolet absorptions of CF a NONF and those of the nitro compounds (see Fig. 
3 (d, e, f) and Table 5) is strong evidence in favour of structure I as the structure of the 
compound CF s NONF described. 

Conclusions. We conclude that structure I is the structure of the compound 
CF g NONF since it is the only structure of those considered which is consistent with 
all the data. It is thought the reactions described are quite general and will result in a 
series of new compounds containing the group —NONF. 

Acknowledgements —The authors wish to acknowledge the able assistance of J. A Happe and 
C J Dooley for their help in obtaining the nuclear magnetic resonance mass spectra data. 
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Abstract—The phosphonitnlic fluorides can be made to react readily with sodium polyfluoroalkyl 
alcoholates, CHF s (CF 2 )„CH 2 ONa, to give high yields of the corresponding phosphonitrilic esters, 
viscous, high boiling liquids, which are soluble m a variety of organic and fluorocarbon solvents, 
but insoluble in water 

The end product of reactions between fluorocarbon amides and PCI, are N-(perfluoroacyl)- 
phosphoramidic dichlondes, R/CONHPOC1 2 , where R, is a perfluoroallcyl radical. The structure of 
this type of compound was confirmed by their reactions with fluoroalcohols and hydrazine. 

Reactions of phosphonitnlic chloride trimer, (NPCl a ),, with fluorocarbon amides, an lmide and 
the barium salt of trifluoroacetic acid were studied. Amides undergo the same chemistiy as benz- 
amide, the salt acts similarly to sodium benzoate, while perfluoroglutarimide was converted to the 
acid-amtde adduct of pyridine when pyridine was used as a solvent. 

The so-called fluoroalcohols are prepared by the free radical telomerization of 
tetrafluoroethylene with ethylene (1) These trihydrofluoroalcohols are about 10* 
times as acidic as ethanol. (Z > They exhibit both the properties of alcohols and weak 
acids. The alcohols and their sodium derivatives can be made to react with cyanuric 
chloride, (CNC1) 3 , to form tn-(polyfluoroalkyl)cyanurates <3) Ratz and Grundmann 
reported’ 4 ’ that the alcoholates could be made to react with phosphonitnlic chlorides 
to form the corresponding phosphomtrilate esters, which are viscous liquids at room 
conditions Dishon reported’ 61 a preparation for the dibutyl and dimethyl phospho- 
mtrilic trimers. These turners are hydrolytically and thermally unstable. On the 
contrary, the polyfluoroalkyl phosphomtrilates are quite stable. In the work reported 
here, a route to the polyfluoroalkyl phosphomtrilates was obtained by a reaction 
involving the sodium alcoholate and phosphonitrilic fluorides. These reactions 
proceeded quite readily to give product yields in excess of 70 per cent. 

For many years numerous investigators have studied the reactions of amides with 
phosphorous chlorides, particularly PCI 5 . (0_121 However, it was through the work 
of Kirsanov' 9 . 101 that a reasonable reaction mechanism became available. The stability 

* Present address, General Motors Research Laboratories, Warren, Michigan 
111 R M. Joyce, U S Pat 2 599 628 (1951). 

<!l A L. Henne and R. L. Pelly, J. Amer. Chem Soc. 74, 1426 (1952). 

'•» H S. Holt and J T Maynard, U S Pat 2 741 606 (1956). 

'*> R. Ratz and C. J. Grundmann, U S Pat 2 876 247 (1959) 

IS) B Dishon, J Amer Chem. Soc. 71, 2251 (1949) 

<•> O. Wallach, Ann. 184, 1 (1877). 

ni W. Steinkopf, Ber. Dtsch. Chem. Ces. 41, 3571 (1908) 

181 A W Titherly and E J. Worrall, J Chem. Soc 1143 (1909). 

1,1 A V. Kirsanov, Acad Sci. USSR. Dw Chem. Sci , 551 (1954) 

1101 A. V. Kirsanov and R G. Makjrta, Gen Chem (USSR), 26, 1033 (1956). 

(ul D C. England, R. V. Lindsey and L. R. Melby, J. Amer. Chem. Soc , 80, 6443 (1958). 

,ISI J Braun, Ber. Dtsch. Chem. Ges. 67 B, 1762 (1934). 
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of the intermediate trichlorophosphazoacy] compounds and their hydrolysates, the 
phosphoramidic dichlorides, seemed to be dependent on the nature of the organic 
radical involved. Work with the fluorocarbon amides seems to confirm a relationship 
between stability and the character of the electronegative substituents. 

Wallach 1 ®' reported that benzamide was converted to benzonitrile with the 
liberation of HC1 and POCl 8 in a reaction with PCi g . He postulated C„H 6 CC1 2 NH 2 
as an intermediate in the reaction. Steinkopf <1) investigated reactions between 
halogenated amides, RCONH 2 , where R was CHC1 2 , CC1 8 or CBr a . He claimed 
products of the type RCX=NPOX 2 where X is halogen, assuming that the formation 
of such derivatives was due to the influence of halogens in the starting amides. Titherly 
and Worrall <8) made a more critical study of the reaction with benzamide and 
explained the results via an intermediate, C 8 H 6 CC1 2 NH 2 , which reacted with the 
POClg formed to produce C 6 H 6 CC1 2 NHP0C1 2 and HC1, where upon another mole 
of HC1 was eliminated with the formation of C 8 H S CC1=NP0C1 2 , which hydrolysed 
readily to C,H 6 CONHPOCl 2 and another mole of HC1. More recently Kirsanov'®. 10 > 
repeated the reaction with benzamide, taking every precaution to exclude water from his 
system. He did not isolate Wallach’s intermediate, C 6 H 5 CC1 2 NH 2 , but did succeed 
in isolating and identifying a product C 6 H 8 CON===PCI 3 , isomeric with C 8 H 5 CCI= 
NPOClj proposed by Titherly and Worrall This compound was described as a 
remarkably reactive substance, which decomposed on heating to benzonitrile and 
POCl 3 which would account for Wallach’s results. Also, this material hydrolysed 
so readily to N-phenyl phosphoramidic dichloride, that only by storing it over a 
mixture of phosphorous pentoxide and fused KOH could hydrolysis be prevented for 
any reasonable period. It was also noted that this sensitive material reacted with 
formic acid to form the phosphoramidic dichloride, HC1 and CO. 

By employing the so-called Kirsanov method, England and co-workers' 11 ' 
prepared halogenated phosphoramidic dichlorides such as CHC1 2 CF 2 C0NHP0C1 2 . 
However, earlier attempts by Braun' 12 ' to prepare simple unhalogenated hydrocarbon 
phosphoramidic dichlorides were unsuccessful. Accordingly, it would appear that 
successful attempts to prepare dichlorides require amides with negative substituents 
and conditions under which the intermediate trichloride is stable. It is not surprising 
therefore, that N-fperfluoroacyl) phosphoramidic dichlorides were prepared in good 
yields. 

Materials and apparatus 

C5 and C7 Fluoroalcohols, CHF 2 (CF s )„CH 2 OH where n is 3 or 5, boil at 140 5 n and 169 5° 
respectively. Samples of these two materials were supplied without charge by the E. I. duPont de 
Nemours Co., as technical grade samples which were purified by fractionation 

Perfluorocarboxylie acitf amides R,CONH, (R, is CF, or C,F,) were prepared from the corre¬ 
sponding acids, which were first esterified. Treatment of the ester with ammonia produced the amide 
Phosphonitrilic chloride trimer, (NPC1,), was purchased from the Millmaster Chemical Corp' 
New York, as a mixture of trimer and tetramer. The trimer was obtained by a process of vacuum 
sublimation not unlike that described by Burg and Caron 11 * 1 It melted at 113°. 

Phosphonitrilic fluorides, (NPF,) 3il , were prepared from P,N, as described in a prior paper.' 1 *' 
Perfluoroglutarimide was prepared by the method of Henne and Zimmer' 1 *' The original ethvl 
pcrfluoroglutar^te was purchased from the Hooker Chemical Co., Niagara Falls, N.Y. Treatment 
with ammonia forms the diamide, which, when heated with sulphuric acid forms the imide. 

11,1 A. B. Burg and A. P. Caron, J. Amer. Chem. Soc. 81, 836 (1959). 

I’ ^ A0, R ' D J and J A - YouNG . j - Amer. Chem. Soc. 81, 1020 (1959). 

A. L. Henne and W. F Zimmer, J. Amer Chem. Soc. 73, 1103 (1951). 
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Barium trifluoroa estate was prepared in almost quantitative yields by neutralizing trifluoroacetic 
acid in an aqueous solution of barium hydroxide. 

Most of the reported reactions were performed in a 150 ml round bottom flask equipped will a 
water cooled condenser, magnetic stirrer and a delivery system. Cold-traps were attached to the 
condenser exit. The cold-traps were protected from atmospheric moisture with drying tubes filled 
with phosphoric anhydride. These were backed by a sulphuric acid bubbler. 


Reactions 

The preparation of polyfluoroalkyl phosphonitrilates. (A) From fluoroalcohol Cl and (NPF,),. 
In this experiment 14 g (0 042 mole) C7 fluoroalcohol in 15 ml of N-43 (Minnesota Mining fluoro¬ 
carbon tertiary butyl amine solvent b p. ca. 170°) was caused to react with l-0g (0 042 mole) sodium 
at 130° for 4 hr. At this time, 1-7 g (0-007 mole) of (NPF,)» in 10 ml of N-43 was added to the 
flask, and the reaction continued for 8 hr at 125°. The cool reaction mixture was filtered to remove 
NaF and vacuum stripped of solvent The crude product amounting to 10 g was a clear, amber, 
viscous liquid. It distilled at 170-172° and 0 8 mm Its infra-red spectrum was very similar to the 
starting alcohol but showed no OH assignment at 3 0 fi. It was soluble in acetone, ether, chloroform, 
benzene, toluene, freon-113 as well as N-43 but insoluble in water. The yield was 70 per cent. (Found: 
N, 2 08%; mol. wt. 2180 Calc, for C lt H I ,F„P,N s O,; N, 1 -98% (Kjeldahl); mol.wt. 2121 (Hast)). 

(B) In a similar reaction 20 g (0 06 mole) C7 fluoroalcohol, 1-4 g (0 06 mole) sodium and 2-5 g 
(0-0075 mole) (NPF,), were involved, producing 16 g of crude product which distilled at 201-203° 
and 0 5 mm and demonstrated the same solubility character, and manifested a similar infra-red 
spectrum as the tnmer ester The yield was 73 per cent (Found- N, 2-18%; mol. wt. 2760. calc, 
for C h H„F„P,N, 0,- N 1 98% (Kjeldahl) mol wt. 2828 (Rast)) 

Preparation of fluorocarbon N-(acyl ) phosphoramidtc dichlorides (A) From C,F,CONH, and 
PC1 5 Twenty-one and three tenths grammes of (0 10 mole) amide and 20 8 g (0-10 mole) chloride in 
50 ml dry benzene were refluxed for 6 hr when the solids disappeared. The cool reaction mixture 
was filtered and stripped of benzene. Thirty grammes of white crystals melting at 85-90° were 
retained. These were purified by vacuum sublimation toamp. of 89-90°. Twenty-two grammes 
were recovered The gas which condensed in the liquid air cooled tail trap amounted to 7 g of HC1, 
equivalent to 3 mole per mole of reagent The above reaction was repeated in the presence of excess 
formic acid and the same products along with carbon monoxide were obtained. An infra-red spec¬ 
trum of the solid product as a melt had prominent peaks at 5 70, 3 25 and 6 80 ft. The yield was 
66 per cent (Found: C, 14 20; F, 39 92; Cl, 20 85, P, 9 70, N, 4 09; H, 0 57%; mol wt. 346. 
(f.p depression m Freon 112) Calc for C s F,Cl,PNHO,. C, 14 55, F, 40 30; Cl, 21-50; P, 9-40, 
N, 4-24; H, 0 30; mol. wt. 330). 

(B) From CF,CONH, and PCI, In a reaction similar to that described above, 11 3 g (0 1 mole) 
CF.CONH, and 20-8 g (0 1 mole) PCI, were reacted to yield 17 g of purified crystals melting at 
83-84 5°. The infra-red spectrum of the crystals had prominent peaks at 5 66, 3-25 and 6-77 n 
The yield was 74 per cent (Found: N, 5 97; Cl, 30 40%, mol. wt. 248. Calc, for C,F,Cl,PNO,H; 
N, 6 08; Cl, 30 84%, mol wt. 230 

Reaction of C,F,CONH, with POC1,. Four grammes of (0-02 mole) amide and 3 1 g (0 02 mole) 
POC1, in 20 ml benzene were refluxed for 8 hr. Low boiling gases, condensed in the liquid air cooled 
tail trap, amounting to 2-0 g were determined to be a mixture of HC1 and C,F,CN Filtration of the 
reaction mixture and vacuum stripping of the solvent left 4 g solids, part of which was the starting 
amide 

Reaction of C,F,CONHPOCl, with C5 fluoroalcohol Three and three tenths grammes of di- 
chlonde (0-01 mole) and 4 6 g (0-02 mole) C5 fluoroalcohol in 20 ml benzene were refluxed for 8 hr. 
The cooled reaction mixture was filtered and the solvent vacuum stripped A white crystalline solid 
was observed on the walls of the vessel above a liquid phase It was identified as C,F,CONH,. The 
remaining liquid was a viscous yellow tinted material whose infra-red spectrum was very similar to 
the starting fluoro alcohol but that it showed no band m the 3 0 n region. It contained phosphorous, 
and its properties were similar to the liquid formed when the alcohol was reacted with POC1,. This 
product was believed to be the phosphoric acid ester, (C,H,F,0,),P prepared by BenningAn 
equivalent quantity of HC1 was found in the liquid air cooled tail trap. 

Reaction of C,F,CONHPOCl, with hydrazine To a suspension of 1-9 g (0-06 mole) anhydrous 
hydrazine m 15 ml benzene cooled m an ice bath was added a solution of 6 6 g (0-02 mole) of di- 
chlonde in 20 ml benzene. The reaction was carried out at this temperature for 3 hr. The solid 
material that formed was filtered off and extracted with absolute ethanol. The ethanol was evaporated 
on a steam bath. The solid crystalline residue was purified by vacuum sublimation. It contained no 

A. F Benning, U.S. Pat, 2 597 702 (1952). 
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The reaction mixture was filtered and the solvents 
product was washed with benzene and ether and recrystalHzed from acetone. It amounted to 9 g. 
An infra-rod spectrum of the white crystals between salt plates had definite absorptions at 5-78 and 
5-96 u and at 6 71 and 3-2 n. The solid had an equivalent weight of 317-320 and released pyridine 
in basic solution. (Found: N, 8 55; F, 35-71%; equtv wt. 317-320 (titration). Calc, for 
C n F«N|0|H ( : N.8-83; F, 35-95% mol wt. 320); 

Reaction o/(NPCi 1 ), with CF,CONH,. Eleven and three tenths grammes of (0-1 mole) armde 
was added to a suspension containing 5-8 g (0-017 mole) chloride in 25 ml N-43. The mixture was 
refluxed at 170° for 10 hr. The starting materials went into solution and an insoluble white precipitate 
appeared. The solvent was vacuum stripped. Five grammes of the amide were recovered by ether 
extraction. The residual solids amounted to 4-5 g and did not melt up to 360° but showed some 
decomposition starting at 300°. Further attempts to categorize the material were unsuccessful, 
although it did contain carbon and nitrogen and gave weak tests for phosphorus and fluorine. Gases 
condensed in the tail trap were HC1 and CF,CN. 

Reaction of (NPC1,), with barium trifluoroacetate Ninety grammes of (0-25 mole) barium salt 
and 20 g (0-057 mole) chloride were pulverized, mixed thoroughly and placed in a large (6-0 cm 
id. x 30cm) test tube. Closure was made with a rubber stopper, which was connected to a trap 
cooled in a mixture of dry-ice and acetone A phosphoric anhydride drying tube completed the 
system. The mixture was heated with a mantle for several weeks at 130-150° White crystals, 
amounting to 7 5 g , deposited on the cool walls of the tube, and were removed from the system by 
vacuum sublimation. The m p of the crystals was the same as a sample of (CF,CO) a NH made by 
reacting trifluoroacetonitrile with tnfluoroacetic acid. The tail trap contained 3 g of a mixture of 
CF.CN, CF.COC1, and (CF,CO) s O (Found. N, 6 3; C, 23 0, H, 0 48 Calc for C 4 F,NO,H- 
N, 6 7; C, 23 0; H,0 62%) 


DISCUSSION OF THE RESULTS 

Both trimerk and tetrameric phosphomtrilic fluorides were shown to react with 
sodium salt of trihydrododecafluoro-l-heptanol in a fluoro-carbon solvent, yielding 
the corresponding tri- and tetra-(poIyfluoroalkyl)phosphonitrilates. When this 
work was completed, Ratz and Grundmann ,4) reported m a patent that similar 
alcohols could be made to react with phosphomtrilic chlorides in an organic solvent 
to give the same types of compounds. The results reported here are significant in 
at least two respects. The fluoro compounds are much more stable than the hydro¬ 
carbon esters reported by Dishon (S) . Hydrolytic stability can be attributed to lack 
of solubility in water and in part to the steric protection of the large polyfluoroalkyl 
groups in the molecules Thermal stability is attributed partly to ring stabilization 
by the electronegative polyfluoroalkyl group and partly to the inherent stability of the 
polyfluoroalkyl group itself. Phosphomtrilic fluorides behave in a similar manner 
to the other halogen analogues in their reactions with these alcohols but the free 
energy involved in their reactions favor higher product yields. 

In this work, it was observed that CF 3 CONH 2 and C 3 F 7 CONH 2 underwent 
reactions with PC1 5 readily. The formation of the reaction intermediate, R,CON-= 
PC1 8 , was strongly suggested. The gaseous products were consistently two equiva¬ 
lents of HC1, until recovery was attempted. The liberation of a third equivalent 
on addition to formic acid to the reaction mixture seemed to confirm the precursory 
existence of N-(perfluoroacyl)trichlorophosphine imide, R r CON—PCI 

The characterization of the products was based on a combination of physical and 
chemical tests. Analyses were satisfactory. However, the possibility of isomeric 

11,1 L Parcell and H. C, Brown, Rnvate communication 
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POCl 2 , a strong absorption at 5-77 pi corresponds to a 
were no bands below 3-0 pt, where most OH absorptions appear. 11 ** fearti 
NH assignment was indicated by an absorption at 3-25 The Other 
group, P==0, could not be uniquely ascertained because of the strong C-F bands 
in the 7-9 pi region. Additional supporting evidence for the ketonic structure 'was 
the facile reaction of C 3 F 7 CONHPOC1 2 with both a C 5 fluoroalcohol and hydrazine 
to form the amide and hydrazide in which the C 3 F 7 CONH grouping was retained, 
C 3 F 7 CONH 2 was caused to react with POCl 3 to see if the phosphoramidic di¬ 
chloride could be prepared by a simple substitution reaction. If the sought after 
product had formed, it should have been stable in benzene at reflux. As the products 
were C 3 F 7 CN and HC1, it is assumed that dehydration occurred by some process 
similar to that noted by Braun .* 121 

Making use of the suggestion* 12 * that the initial attack by PC1 5 on amides is on the 
carbonyl oxygen, the fact that PC1 B exists as the ions (PC1 4 )+(PC1 9 ) _ and the evidence 
submitted by Kirsanov that RCON=PCl 3 is a reaction product in the absence of 
moisture, a logical reaction mechanism for the reaction between fluorocarbon amides 
and PC1 6 can be summarized in the following steps: 
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In the reaction between (NPC1 2 ) 3 and perfluoroglutarimide an excess of pyridine 
was used partly as a solvent, partly as a base. It would appear from the unexpected 
results of this reaction that an initial substitution occurred to form an intermediate 
of the type 
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which hydrolysed in the presence of small amounts of water to form the acid-amide 
which complexed readily with pyridine. This reaction is of interest as there is no 
report in the literature of the free acid-amide having been prepared. The elemental 

" 9i L. J. Bellamy, The Infra-red Spectra of Complex Molecules (2nd. Ed.), pp. 95, 203, and 205. 
J. Wiley, New York (1958). 

<l " J. H. Simons (Editor), Fluorine Chemistry , Vol. 2, Chap. 7, p. 452 and p. 490. Academic Preis, 
New York (1954). 
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analy sis, equivalent weight data and infra-red spectral data indicating two different 
carbonyl absorptions offer supporting evidence that the compound formed is H 2 NCO- 
(CF^jCOOH'CjHjN. 

When (NPQ^s was reacted with trifluoroacetamide the only identifiable products 
were the corresponding nitrile and HC1. The solid products formed were not isolated 
or identified. As in the case with POCl s it is improbable that a simple dehydration 
occurred. 

The reaction between (NPCl^a and barium trifluoroacetate gave results not 
unlike those observed by Bezman and Reed (20) using sodium benzoate as the salt. 
They proposed a mechanism that substituted oxygen for nitrogen in the PN ring via 
a bond shift through ring closure with the eventual release of a nitrile. Attack of 
another equivalent of the salt on the residue accounted for the formation of an 
anhydride. Should the same process be repeated at the three quivalent ring sites, 
the final residue would be a metaphosphate salt. As the solid product in this case was 
a diacyl imide it can be assumed that small amounts of moisture converted some of the 
anhydride or acid chloride to trifluoroacetic acid which reacted readily with the 
trifluoroacetonitnle present in the reaction environment to form (CF 3 CO) 2 NH. 

The accompanying table presents the C=0 and N—H infrared absorptions in 
microns for a number of compounds. Spectra for a number of fluorocarbon amides 
can be found in Reference (20). 


Infra-red spectral data for some compounds 


Compound 

Carbonyl absorption 
(ji) 

N—H absorptions 
(ji) 

CF.CONHPOCIj 

5 66 

3 25 and 6 77 

C s F,CONHPOC1 2 

pyr HOOC(CF,),CONH, 

5 70 

3 25 and 6 80 

5 78 and 5 96 

3 2 

6 71 



(broad) 

(CF,CO) a NH 

5 63 

3 08 

none 


1.1. Bezman and W. R. Rhed, 136th Meeting, American Chemical Society, Atlantic City, Septem¬ 
ber, 1959. 
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BASE HYDROLYSIS OF SOME CHLOROAMMINE- 
PLATINUM(IV) COMPLEXES? 

R, C. Johnson, t F. Basolo and R. G. Pearson 


(Received 27 June 1961; in revised form 22 August 1961) 


Abstract— The rates of base hydrolysis of [Pt(NH,),Cl]* + , cis and rrems-[Pt(NH,),Cl,] ,+ . irons 
[Pt(NH»),ClJ + , and rnmr-[Pt(en) 2 Cl,]* + were measured. The acid dissociation constants of these 
complexes were also measured. These data show that in the basic solutions used for the kinetic studies 
amido complexes (e g [Pt(NH,) t NH s Cl]* + ) were the predominant species Under such basic reaction 
conditions considerable reduction accompanied hydrolysis of those compounds which contained 
trans chloro groups. Probable mechanisms of base hydrolysis and of reduction are discussed. 

The hydrolysis of inert co-ordination compounds has been the subject of considerable 
recent interest. Cobalt(III) complexes have been studied' 11 extensively and some work 
has also been reported on Cr(III), <2) Rh(III) ) <S) Ir(III), <2) and Pt(II).' 4) The studies on 
chloroamminecobalt(III) complexes indicated that under acidic conditions the rate of 
hydrolysis was essentially independent of the [H + j; in basic solution a first order 
hydroxide ion dependence was found. The kinetics observed for base hydrolysis were 
explained in terms of an acid base pre-equilibrium followed by dissociation of the 
conjugate base of the complex (S N 1CB). <6) 

[Co(NH 3 ) 6 C1] 2 + + OH- ^ [Co(NH 3 ) 4 NH 2 C1]+ + H 2 0 (1) 

[Co(NHj) 4 NH 2 C13 + [Co(NH 3 ) 4 NH 2 ] 2 + + Cl- (2) 

[Co(NH 3 ) 4 NH 2 j 2 + + HjO [Co(NH 3 ) b OH] 2 + (3) 

An alternative suggestion was that the reaction proceeds by a displacement (S N 2) 
process. (6) The base hydrolysis reactions of chloroamminecobalt(HI) complexes are 
very much faster than the reactions in acid. Data on chloroamminemetal(HI) 
complexes of Cr(III) (2> and Rh(IlI) (S) show a much smaller effect of [OH - ] on their 
rate of hydrolysis. In Pt(II) square planar complexes the acid and base hydrolysis 
rates are the same. ,4> 

* Presented in part before the Division of Inorganic Chemistry at the 139th Meeting of the 
American Chemical Society, St Louis, Missouri, April, 1961. 

t Taken in part from the Ph D. thesis of R. C Johnson, Northwestern University, June, 1961. 

111 F.BASOLOandR G Pearson, Mechanisms of Inorganic Reactions,p 128. J. Wiley, New York (1958). 
' ,l F. Basolo and R. G. Pearson, Mechanisms of Inorganic Reactions, p. 137. J. Wiley, New York (1958). 

A. B. Lamb,/, Amer Chem Soc 61,699(1939); S. A. Johnson. Private Communication(1961). 

D Banerjea, F. Basolo, R. G. Pearson, J . Amer. Chem. Soc 79, 4055 (1957); A. A. Grinberg, 

J Inorg Chem. ( U.S.S.R. ) 4, 683 (1959) 

F. Basolo and R.G Pearson, Mechanisms of Inorganic Reactions, p. 124-132. J. Wiley, New York*. 

(1958); R. G. Pearson, H H Schmidtke and F. Basolo, J Amer. Chem. Soc. 82, 4434 (I960). 

'•> D. D. Brown, C K. Inqold and R S Nyholm, J. Chem. Soc. 2678 (1953). 
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This study reports the rate of hydrolysis of the following compounds: 
[Pt(NH a ) 6 Clf+ 

cis and ftwu*[Pt(NH 3 ) 4 Cl 2 ] 2+ , 
mw«-[Pt(NH 3 ) 3 Cl 3 ]+ 

[Pt(NH 3 ) 4 C10H]*+, 
trans- [Pt(en) 2 Cl 2 ] 2+ 

and [Pt(en) 2 C10H] 2 +. 

Hydrolysis under neutral and acid conditions at room temperature was observed to be 
negligible for the compounds studied. Therefore the kinetics were studied under 
basic conditions. It was observed that for some of the compounds the base hydrolysis 
was accompanied by reduction of Pt(IV) to Pt(II), and this behaviour was also 
investigated. 

EXPERIMENTAL 

Preparation of compounds The preparation of [Pt(NH,),]Cl 4> [Pt(NH,),Cl]Cl„ [Pt(NH a ),Cl] (NO,),, 
and m-[Pt(NH,) 4 Cl a ] (NO,) a reported here are all modifications of preparations described in the 
literature 1,1 

HJxammineplatinum (IV) chloride was prepared by the reaction of 18 0 g of (NH 4 ) a [PtCl 6 ] and 
12 0 g of (NH 4 ),CO s with 50 ml of liquid ammonia in a glass bned rotating autoclave The reaction 
took place at room temperature in 18 hr. Ammonia was allowed to evaporate leaving a white product 
(a mixture of (NH 4 ) a CO„ [Pt(NH,),](CO,) a , [Pt(NH a ),CI] a (CO,) a , and conjugate bases of these 
complexes) The residue was extracted with dilute NH 4 OH The remaining residue was treated with 
6 N HC1 to form [Pt(NH,),]Cl 4 and [Pt(NH,),CI]Cl a These can be separated by fractional crystalliza¬ 
tion, the fPt(NH,)JCl 4 separated first as a monohydrate The product was dried at 100° in a 
vacuum Yield was 5 0 g (28 per cent of theory) (Found Pt, 44 3, Cl, 32 2 Calc for [Pt(NH,)JCI 4 
Pt. 44 3; Cl, 32 3%.) 

Chloropentammineplatinum(lV) chloride was obtained as the major product from the preceding 
preparation of [Pt(NH,) 4 ]Cl 4 . Yield was 8 6g of dried material (50 per cent of theory) (Found 
Pt. 45 8; Cl(iomc), 25 3 Calc, for [Pt(NH,),C1]Cl, Pt, 46 2, Cl(iomc). 25 2% ) 

Chloropentammineplatmum(IV) nitrate was prepared by dissolving [Pt(NH a ),Cl]Cl a in a minimum 
amount of hot water, cooling, and precipitating with excess HNO a 

7ra/is-dichlorotetramminepldtinum(IV) chloride was prepared by the reaction of chlorine with 
Pt(NH,) 4 ]Cl a m dilute HC1 171 (Found: Pt, 48 2 Calc for [Pt(NH,) 4 C1 a ]Cl a . Pt, 48 2%) 

7ra/w-dich)orotetrammineplatinum(IV) nitrate was prepared by mechanically stirring a mixture of 
0 66 g of frans-[Pt(NHj) 4 Cl a ]Cl a and 0 56 g of AgNO, in 25 ml of water for 1 hr Unreacted starting 
material and AgCl were removed on a filter The filtrate was evaporated in vacuum until pale yellow 
crystals of product formed After drying the crystals at 100°C, 0 50 g of product was obtained (66 per 
cent of theory) (Found- Pt, 42 9; Cl, 15 6 Calc, for [Pt(NH,) 4 Cl a ](NO a ) a Pt, 42-5; Cl, 15 5% l 
7>ans-chlorohydroxotetrammineplatinum(IV) nitrate was prepared by bubbling Cl, through a 
solution of 1-0 g of [Pt(NH a ) 4 ]Cl a in 20 ml of 0 2 N NaOH. An orange precipitate resulted. Nitric 
acid was added to the solution and the product was collected This material was dissolved in hot dilute 
HNO a , cooled, and precipitated with excess HNO, and acetone The product was recrystallized and 
dried (Found: Cl, 9 80, CL (ionic) 0 53 Calc, for [Pt(NH 8 ) 4 C10H](N0 a ) a -Cl, 8 06%) The 
product contained some [Pt(NH a ) 4 Cl a ](NO a ) a , but the ultra-violet spectrum and the rate of hydrolysis 
of the mixture indicate that it did not contain [Pt(NH,) 4 (OH),] a+ 

C«-dicblorotetrammineplatmum(IV) nitrate was prepared by the addition of 39 ml of 20% 
NH 4 OH solution to 8 29 g of tranj-[Pt(NH a ),Cl,]CI The product immediately becomes orange The 
solution was stirred from time to time for 3 hr and was then filtered to remove a yellow product. 
The filtrate was cooled to 0° and then acidified with HC1. A white product resulted and was collected. 
The product was purified by adding it to a little water and 0 5 M NaOH at 0° A yellow orange 
product was formed and collected This was acidified with 6 N HC1 until the product turned white 
The white solid was dissolved in dilute HNO, and precipitated upon addition of excess HNO, 
(Found: Pt, 43 6, Cl, 15-5 Calc for [Pt(NH a ) 4 Cl,KNO a ) a • Pt, 42 6, Cl, 15 5%) 

Chlorotnammineplatinum(ll) chloride was prepared from cu-[Pt(NH a ),Cl,] and KCNO l7 ' 
(Found: Pt, 61 8, Cl(ionic), 11 3 Calc, for [Pt(NH,) a Cl]Cl: Pt, 61 5, Cl(iomc), 11-2%) 

,7i G metin' s Handbuch der Anorgamschen Chenue, Vol. 68 D, pp 41-68, 467-530, (1957). 
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7><MJ-trichlorotnammineplatiimin(IV) chloride was prepared by chlorine oxidation of 
lPt(NH^) t CUCl in dilute HC1 solution. 1 ” (Found: Pt.50-0; Cl(iomc),9l5. Cak. for[Pt(NH,),Cya: 
Pt. 50-2; CKiarnc), 9-40%.) 

7>a/is-tnchlorotriarnmmeplatinum(IV) nitrate was prepared by dissolving /ronj-[Pt(NH,)/3JCl 
in a minimum amount of water and adding excess HNO,, 

7>anj-dichlorobis(ethylenediamine)platinum(IV) chloride was prepared by oxidation of 
[Pt(en)JCl, with chlorine.'” ,, 

7V<wis-dichlorobis(ethyienediamine)platinum(IV) nitrate was prepared by dissolving trans- 
[Pt(en),Cl t ]Cl« in a minimum amount of water and precipitating with HNO, (Found: Pt, 38-6; 
Cl, 13 7. Calc, for [Pt(en),Cl,l(NO,V Pt, 38 2; Cl, 13-9% ) 

Chloroaquobis(ethylenediarmne)platmum(lV) nitrate was prepared by heating 5-50 g (0 0108 mole) 
of rraiu-[Pt(en) a Cli](NO,) 8 with 1 835 g (0 0108 mole) of AgNO, m 100 ml of water at 80°C for five 
days in the dark The solution was filtered and evaporated to 10 ml in the dark and then filtered again. 
Addition of HNO, to the filtrate gave a white precipitate (3-5 g). This product was contaminated with 
AgNO,. It was recrystallized from HNO, and washed carefully with alcohol. After drying at | r 00° in 
vacuum, 2 5 g of crystalline white product remained (42 per cent of theory) (Found: Pt, 36-8; 
Cl, 6 96 Calc, for (Pt(en),CIH,0](NO,), • Pt, 35 1; Cl, 6 40% ) This product was dissolved in water 
and neutralized with NH 4 OH A pale yellow product was obtained upon the addition of alcohol and 
ether This material ([Pt(en),C10H](N0,),) was recrystallized from water by precipitation with alcohol. 
The material was dried at 100°C in vacuum (Found. Pt, 39 3, Cl, 7-23 Calc, for [Pt(en),C10H]- 
(NO,),- Pt, 39 6, Cl, 7 22%) 

Bis(ethylenediamine)platinum(II) chloride and [Pt(NH,) 4 ]Cl, were prepared as described in the 
literature 

The Na,HP0 4 was Mallinckrodt Na 2 HP0 4 7H s O analytical reagent. The phenol was Baker and 
Adamson USP fused crystals 

Rates of reaction The kinetic data were collected by preparing the appropriate solutions in 
aluminium foil wrapped volumetric flasks and thermostating these (±0 1°C) The release of chloride 
was followed by titrating aliquots of these solutions by the Volhard method for chloride determination 
Bisfethylenediamine)platinum(ll) and [Pt(NH,) 4 ] a| - were quantitatively detected by titration with a 
standard ceric solution in 1 M H,S0 4 to which excess chloride had been added Ionic chloride 
catalyses the oxidation of Pt(Il) salts into the corresponding dichloro Pt(IV) complex. Ferroin was 
used as the indicator The method does not work for fPt(tetrameen),] ,+ or [Pt(py) 4 ]‘ + ,* since they are 
not oxidized rapidly under the titration conditions The rate constants were determined from the 
slopes of plots of In (Cl x ~ Cl /Cl «r) vs. time where Cl~ is moles of chloride ion at time t and Cl x ~ 
is moles of chloride at infinite time Experimental Cl»~ values agreed with calculated values (±5 per 
cent); m a few cases the experimental Cl x ~ values did not agree, but the deviations could be accounted 
for by release of chloride by other reactions (reduction or subsequent hydrolysis) 

Determination of acid dissociation constants The pA,’s of several complexes were measured by 
potentiometric titration using a Beckman Model G pH meter with an E-2 glass electrode which is 
designed to have a small Na + error m basic solution As a reference determination phenol was 
titrated and the pX" a found at /i (ionic strength) =0 11 was 10 0 and at /i -=0 005 was 9-95 A 
literature value is 9 98 <8) The ionic strength reported is the ionic strength at which the acid is half 
titrated The p/f,’s reported are the pH values at which the acid is half neutralized 

In order to measure pK,‘s much above ten by a titration technique, the concentration of the acid 
must be increased to the extent that the ionic strength of the solution becomes very large (especially 
when the acids are multiply charged) Since this then gives a rather meaningless pK», a conductivity 
method, similar to the technique of Ballinger and Long, 181 was used to measure the acid dissociation 
constants of some very weak acids The method was slightly different since multiple positively charged 
acids were studied rather than neutral acids The method works because in the reaction 

RH" 8 4 OH- - Ri"-»+ + H„0 (4) 

the acid species (RH n+ ) decreases in charge and OH“ is consumed; both effects lead to a decrease in 
conductivity The theoretical conductivity for a complex, e g , [Pt(NH,) 4 CI,)(NO,), in a solution of 
NaOH is 

* « 10 s [[Na + ]/ Na+ 4 [NO,-]2»o,_ 4 (C - [A ])^ 4 ([Na+] - [A-))2 0H -4 [A-]A a _], (5) 

* Symbols used are en = NH,CH,CH,NH t , tetrameen = NH,C(CH,),CXCH,),NH,, and 
Py = pyridine 

181 W J Blaedel and V. W Meloche, Elementary Quantitative Analysis, p 786. Row Peterson, 
Evanston. Illinois (1957) 

181 P Ballinger and F. A Long, J. Amer Chem Soc 81, 1050-3, (1959). 
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HA represents the complex, A- its conjugate base ([Pt(NH,),NH 1 Cl 1 ] + ), and C the original concen¬ 
tration of complex. The A’s are ionic conductivities for the species at the ionic strength of the solution. 
These were estimated from tables of conductivities of salts as a function of concentration.' 1 ® 1 

The conductivities of the acids were experimentally measured and the conductivities of the 
conjugate bases were estimated from conductivities of similar complexes. A list of A’s used is reported 
in Table 1. If a function 

« 10-'ffNa + ]4,+ + [NOrl4 0 r + CAu + [Na+JAm-] (6) 


Table 1 —Values of specific conductivities used in conductometric 
P-KV DETERMINATIONS AT 25 0°C 


Ionic Strength (fi) 

%»+ 

^NO," 

>ioH- 

0 005 
47 7 

68 5 
192 


0010 
469 
68 5 
191 

0 016 
462 

640 

185 

0020 

45-7 

640 

182 

0 050 
441 

62 5 

Ion 


A 


Ion 


A 

f/wu-[Pt(NH,) 4 CI,]* + 


90 


frani-[Pt(en),Cb 

*+ 

76 

/ran.s-[Pt(NH,),NH a CI,] + 


60 


lram-[Pt(en)(en-H)Cl,] + 

50 

cw-[Pt(NH,),NH,CI,]+ 


50 


[Pt(NH,) 4 NH 1 Cl] ,+ 

82 

rij-[Pt(NH,) i (NH 1 ),Cl,]® 


0 


[Pt(NH,),(NH,) s Cl] + 

55 

[POJ- 

105 


tP0 4 P~ 


90 


is defined (this corresponds to the conductivity if the acid remains entirely in the acid form when 
treated with NaOH), then the concentration of the conjugate base of the acid 


[A~] = 10 s 


(Xg — *.) 

(/•OH” + ^HA ~ ^A~) 


(7) 


in which K m is the experimental conductivity From these data and the known C and the original [OH - ] 
concentration, K a ’s can be calculated A summary of experimental data and calculations is presented 
in Table 2. 

A Leeds and Northrup Jones Bridge, oscillator, and amplifier were used with an oscilloscope as 
the null detector The cell constant of the cell used was 0 546 The conductivity of the carbonate free 
NaOH used in the study agreed with published values 


RESULTS 

The reaction between OH - and [Pt(NH 3 ) 5 Cl] 3+ is the method of choice for the 
preparation of [Pt(NH 3 ) s OH] 3+ . 

[Pt(NH 3 ) 5 CI] 3+ + OH - — [Pt(NH 3 ) 6 OH] 3+ + Cl~ ~ (8) 

For simplicity the hydrolysis reactions will be written as reactions of the complex with 
hydroxide ion. However it is known that the species present in basic solution were 
the conjugate bases of the complex, e.g., [Pt(NH 3 ) 4 NH 2 Cl] 2 + or [Pt(NH 3 ) 3 (NH 2 ) 2 Cl]+. 

[Pt(NH 3 ) 3 (NH 2 ) 2 Cl]+ + OH- -* [Pt(NH 3 ) 3 (NH 2 ) 2 OH]+ + Cl“ (9) 

The hydrolysis of [Pt(NH 3 ) 8 Cl] 3+ at these experimental conditions gave no evidence 
for the formation of any other products than [Pt(NH 3 ) 6 OH] 3+ . Table 3 gives the rate 
data that were collected. Both chloride and nitrate salts were studied and were found 
to give similar kinetic results. A plot of the rate constants obtained in the pOH range 
3-6 is shown in Fig. 1. These data were collected at 80-0°C in buffers containing 
0-10 M ammonium or n-butylammonium acetate and sufficient free amme to give the 
desired pH. In every case all of the coordinated chloride was replaced and linear 

B E Conway, Electrochemical Data, pp 141-142. Elsevier, Amsterdam (1952). 



i Base hydrolysis of some chloroamnune-platmumflV) complexes 
Table 2. —Summary of conductivity data and calculations at 25-0°C 


« 


/ranj-fPKNH^.a.KNO,), 

A, 

x 10* (fl- 1 ) 

k . x 10-* (fl* 1 ) 

[Na + ] 

pita 

00100 

2-48 

3-32 

„ 0-00504 

11-2 

0 00500 

1-70 

i 2-25 

.000504 

11 5 

000250 

139 

1-74 

0 00504 

11-3 

0 00125 

1-28 

1-46 

0 00504 

11-4 

rr<wu-[Pt(en)8Clj](NOj) 2 

00100 

2 18 

301 

0 00421 

10-8 

0 00500 

1 44 

199 

0-00421 

11-1 

0 00250 

1 15 

1 48 

0-00421 

11 1 

[Pt(NH,),CIKNO,), 

0 00600 

2 32 

2 39 

0 00810 

12 5 

0 00500 

2 21 

2 30 

0 00810 

12-5 

000400 

2 13 

2 22 

0-00810 

125 

0 00300 

2-04 

2 13 

0 00810 

125 

0 00200 

1 98 

2 02 

0-00810 

12 7 

cw-[Pt(NH s ) 4 Cl 2 ](NO a ) t 

0 00500 

1 73 

187 

000817 

12 3 

000400 

1 76 

1 88 

0 00817 

12 3 

0 00300 

1 79 

1 90 

0 00817 

124 

0 00200 

1 84 

1 91 

0 00817 

12 5 

0 00100 

1 87 

1 93 

0-00817 

12 3 

Na s HP0 4 

0 00600 

2 66 

2 93 

0 00817 

12 1 

0 00500 

2 54 

2 75 

0 00817 

12-1 

000400 

2 42 

256 

0-00817 

12 3 

0 00300 

2 31 

2 48 

0 00817 

125 

0 00200 

2 18 

2 27 

0 00817 

12 3 


Table 3 —Psuedo first-order rate constants for the reaction 

k 

[Pt(NH,),Cl]* + + OH- — [Pt(NH,),OH]* + + Cl“ 


[Pt(IV)] 

[OH-1 

7TC) 

k x 10 6 (sec- 1 ) 

0 00500 

0 49 

25 0 

20 

0-00500 

0 10* 

25-0 

0-70 

0-00500 

0 10 

250 

0-85 

0 00500 

0 10 

50 

36-0 

0-00500 

0 050 

500 

32 0 

0 00500 

pH = 110 

500 

3-9 

0 00500 

pH = 110 

80 0 

940 

0-0100 

pH = 11-0 

80 0 

91-0 

0-00500 

pH = 10-4 

80-0 

27-0 

0 0100 

pH = 10-4 

800 

33-0 


[KNOJ = 0-40 M. 

















Tbe reactiou of c^IPKNH^KNO^ in NaOH solution to yieldl ionic! cMoride 
goes to completion at 25-0° and is fast enough to be conveniently studied. The kinetic 



60 50 40 30 

POH 


FlG. 1 —Rates of hydrolysis of [Pt(NH„) $ Cl] ,+ in amine-acetate buffers at 80°C The 
dashed line is drawn with a slope of unity 

The pH of the buffers was measured at 25 0°C The ionization constants of primary 
amines and ammonia are essentially independent of temperature between 25~80 t ’C 
Therefore the pOH of the solutions is independent of temperature 13 


data collected indicated that the two chlorides are released at different rates By 
means of Powell plots (U) it was possible to evaluate the rate constants for the consecu¬ 
tive reactions (equations 10 and 11). 

as- [PffNH^Cy 2 * + OH" c«-[Pt(NH 3 ) 4 C10H] 2 + + Cl ~ (10) 

cu-[Pt(NH3) 4 C10H] 2+ + OH- A- [Pt(NH 3 ) 4 (OH)jj] 2+ + Cl - (11) 

Although the products of these reactions were not isolated, the chlorohydroxo product 
is probably the as isomer since it hydrolyses much faster than the initial hydrolysis 
product of frans-[Pt(NH 3 ) 4 CI 2 ] 2+ which presumably is franj-[Pt(NH 8 ) 4 C10HJ 2 ' 1 . The 
rate data are presented in Table 4. No Pt(II) was detected as a result of the reactions 
of the cis-compounds; the rate of chloride release was not affected by the addition of 
[PtfNHJJCl,. 

The remaining compounds studied contained trans chloro groups. In all -cases 
reduction as well as hydrolysis occurred in basic solution. The hydrolysis of trans- 
[Pt(NH 3 ) 4 Cl 2 i 2 ' f was found to be catalysed by [Pt(NH 3 ) 4 ] 2+ . The rate of chloride 

A A Frost and R G Pearson, Kinetics and Mechanism, p 169 J Wiley, New York (1961) 

,l " J R Hall and R A Plowman, Aust J Chem 8, 168-172 (1955); 9, 14-24(1956) 

11,1 I M Kolthoff and P J Elving, Treatise on Analytical Chemistry, Part I, Vol 1, pp 435-36 

Interscience Encyclopedia, New Yotk (1960), pp, 435-36 




l * first-order dependence on the concentration of 
of [OH~] in NaOH solutions. The product of this 
. . , „ _ E>H3* + (probably the trans isomer). A sample offrmsp-^. 

wae prepared; its hydrolysis was slow at 50-0°. (fe=l x 10“*sec^). I&timt _ 

of added [Pt(NH 3 ) 4 ]* + the rate of release of chloride ion increased as a fimeitioift 11$' 
time, and 8-10 per cent of the original Pt(TV) was reduced to [Pt(NH 8 y , +; (ifethe 




Tabus 4.—Pseudo first-order rate constants for the release of chloride at 23*0^C 

IN THE REACTIONS 


*1 

m-[Pt(NH a ) 4 a,]' + + OH- —*■ cii-[Pt(NH,) 4 C10H] ,+ + d" 
m-[Pt(NH l ) 1 C10Hl' + + OH- [Pt(NH t ) 4 (OH)J* + + Cl" 


[Pt(IV)l 

[OH-] 

[KNO,] 

&i x 10 s (sec -1 ) 

k, x 10»(sec->) 

0 00500 

0 49 

, _ 

13-7 

1-8 

0 00500 

0 10 

0 30 

5-7 

0-4 

0 00500 

010 

— 

60 

06 

0 00500 

0 050 

0 050 

3-4 

03 

presence of added [Pt(NH 3 ) 4 ] 2+ reduction no longer was an 

important process). The 

formation of [Pt(NH 3 ) 4 ] 2f 

explained the increase in the rate of chloride release as a 

function of time. 

The initial rate observed for the reactions to which no Pt(II) had 

been added are reported in Table 5. As indicated by these data the initial rate of the 

uncatalysed reaction was 

dependent on the concentration of trans- [Pt(NH 3 ) 4 Cl a ] 2+ . 

This may be a real dependence on Pt(IV); but the dependence may also be due to the 

Table 5 

—Rate constants for the 

HYDROLYSIS OF /rflrtJ-[Pt(NH,) 4 Cl,] ,+ 



IN BASIC SOLUTION AT 25 0°C 


[Pt(IV)] 

[Pt(H)l* 

[OH-] 

ki x 10 s (sec-’) 

k x ' x 10 8 M-Hwxr 1 )? 

0 00500 

_ 

0 40 

1 3 

— 

0 00250 

-- 

040 

0-6 

— 

0 00250 

0 00210 

040 

2-1 

10 

0 00500 

0 00204 

040 

30 

8 

0 00500 

0 00279 

0 20t 

34 

8 

0 00500 

0 00210 

0 10J 

3 1 

9 

0 00500 

0 00109 

040 

2-3 

9 

0 00500 

0 00052 

040 

1-8 

10 


* Pt(II) - [Pt(NH 4 ) 4 ] ,+ 
t [KNO,] = 0 20 M 
J [KNO,] - 0-30 M 

§ Values of k x were calculated by subtractmg the uncatalysed rate constant from the catalysed 
rate constant and dividing by [Pt(ll)] 


presence of some catalyst in the lratw-[Pt(NH 3 ) 4 Cl 2 ] 2 +. (Most Pt(IV) compounds 
contain small amounts of Pt(II)). Samples of fr<mj-[Pt(NH s ) 4 Cy 2 + prepared at 
different times did not give the same rates of hydrolyses. That different samples 
reacted at different rates was not very surprising since the samples may contain small 
amounts of [Pt(NHa) 4 ] 2+ which catalyses the hydrolysis reaction. However the 
second-order rate constants for the Pt(II) catalysed reaction were the same for all 
samples studied. 
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The reaction of tr<mj-[Pt(NH 8 ) g Cl g ]+ with dilute NaOH gave 6-8 per cent reduction 
to Pt(II) as well as hydrolysis. The hydrolysis of two chlorides was rapid whereas the 
third chloride was released only after weeks at 25-0°C (equations 12 and 13). 

fra«j-[Pt(NH J ) 8 Cl 8 ] + + OH~ -X [Pt(NH 8 ) 8 Cl 2 OH]+ + Cl~ (12) 

[Pt(NH 3 ) s Cl 2 OH]+ + OH- -X [Pt(NH3) s Cl(OH) 2 ]+ + Cl~ (13) 

By means of Powell plots rate constants were evaluated for the release of the first and 
second chlorides. The kinetic analysis was made assuming that hydrolysis was the 
only process releasing chloride. Since the reduction process was not extensive, the 
rate constants reported should be reasonably accurate (±10 per cent for k y and 
±20 per cent for k a). When relatively large quantities of Pt(II) ([PtfNH^] 2 * or 


Table 6 —Psuedo first-order rate constants for the reactions (T — 25 0°C) 
I/ww-[Pt(NH,),Cl,] *■ 4- OH- \ [Pt(NH,) a Cl 2 OH] + + Cl 
[Pt(NH a ) a Cl 2 OHL t OH- *4 [Pt(NH a )jCI(OH) 2 ]' + CL 


[Pt(lV)l 

IOH ] 

IKNOJ 

k t * !0‘ (sec 1 ) 

k 2 v I0 1 (sec l ) 

0 00500 

0 49 

_ 

64 

— 

0 00500 

0 10 

040 

to 

07 

0 00500 

0 10 

— 

4 3 

05 

0 00500 

0 050 

0 050 

1 2 

05 

0 00254 

0 265 

— 

6 1 

— 

0 00250* 

0 265 

— 

62 

— 


• [Pt(NH,) 4 ]CI 2 - 0 00058 M 


[Pt(NHj) a Cl] + ) were added to the reaction mixtures a relatively rapid initial release of 
chloride was observed. The extent of the rapid chloride release was dependent on the 
relative amounts of Pt(IV) and Pt(Il) present About one chloride ion was released 
rapidly for each molecule of Pt(ll) added to the reaction mixture When this initial 
chloride release was neglected, rate constants calculated for the subsequent reaction 
were very similar to the rate constants for the reaction mixtures to which no Pt(II) had 
been added The rate data are reported in Table 6. 

The most prevalent reaction of tran,r-[Pt(en) 2 Cl 2 ] 2+ m basic solution was its 
reduction to [Pt(en) 2 ] 2+ . The kinetics of this reaction were studied by titration of the 
[Pt(en) a ] 2+ formed with a standard Ce(IV) solution The rate of chloride release was 
also followed. Linear first-order plots were obtained for chloride release using the 
integrated form of the expression d[C\~]ldt = k[Pt(en) 2 Cl 2 2+ ]. If the reduction and 
hydrolysis reactions were competing first-order reactions, then the k in the rate 
equation would be equal to the sum of the first-order rate constants for reduction and 
chloride release. Furthermore the ratio of chloride released to [Pt(en) 2 ] 2+ formed 
would be constant. Experimental ratios were not constant. Evidence to be discussed 
later showed that the reduction process was complicated and did not show first-order 
kinetics. The kinetic data are presented in Table 7. The rate constants for the 
reduction process were obtained from plots of In (Pt(IV) 0 /Pt(IV) 0 -Pt(II)) vs. tune, 
where Pt(IV)° is the initial concentration of mms-[Pt(en) 2 Cl 2 ] 2+ and Pt(Il) is the 
experimental concentration of [Pt(en) 2 ] 2+ at time t. This empirical equation gives a 




Base hydrolysis of some chloroammine~platinuni(rv) complexes 


67 

linear plot for one half-life. It was found that increasing the concentration of Pt(IV) 
increased the rates of both Cl~ release and reduction; the extent of reduction also 
increased. At Pt(TV) concentrations of 0*0100 M or higher, linear first-order kinetic 
plots for chloride release were not obtained. At higher Pt(IV) concentrations the 
reaction solutions darkened and degradation of the complex began to occur. The 
addition of [Pt(en) a ] a+ to the reaction mixture slightly decreased the rate and extent of 


Table 7 —Psuedo first-order rate constants for the reactions (T — 25-0°.) 

frfliu-[Pt(en),aj ,+ Cl" + [Pt(en),]* + + [Pt(en),(OH),] ,+ 
iptini 

fr<ww-[Pt(en),CI,]* + -► [Pt(en),] ,+ 


[Pt(lV)l 

[NaOH] 

* 01 _ x 10‘ 
(sec-*) 

^ptdi) x I® 4 

(sec -1 ) 

%Pt as Pt(II) 
at /oo 

0 0200 

0-40 

(25) 

fast 

89 

0 0100 

040 

(ID 

(71) 

70 

0 00500 

040 

7-0 

38 

64 

0 00250 

0-40 

5 5 

(3) 

47 

0 00500 

0 20 

5 6* 

29 

58 

0 00500 

0 10 

4*7| 

2 3 

53 

0 00500+ 

040 

64 

30 

51 


• [K.NO a ] = 0 20 M 
t [Pt(en) 2 ]CI 2 - 0 00250 M 
t [KNO,] = 0 30 M 


reduction. Both the rate of reduction and chloride release were slightly OH - depend¬ 
ent. The extent of reduction increased with increasing hydroxide ion concentration. 
At the end of the reactions at least 95 per cent of the calculated coordinated chloride 
was found as ionic chloride. 

It was found that fr<wij-[Pt(en) 2 Cl 2 ] 2+ , irons- [Pt(en) 2 C10H] 2+ , and trans- 
[Pt(en) 2 (OH) 2 ] !!+ can be identified polarographically. The complex [Pt(en) 2 ]Cl a is 
reduced at a more negative potential than the former compounds, a2) and they can be 


Table 8 —Psuedo first-order rate constants for the reaction 
[Pt(en) a C!OH] ,+ 4 OH- — [Pt(en) 2 (OH)il ,+ f Cl~ 

(Pt(IV) =• 0 00500 M, T = 25 0°C ) 


[NaOH] 

[KNOJ 

k x 10 s (sec- 1 ) 

%Pt as Pt(II) at loo 

040 

_ 

060 

40 

0 20 

0 20 

033 

25 

0 10 

0 30 

0 27 

28 


determined in its presence. The half-wave potentials for the Pt(IV) complexes are 
respectively <0*08 V, — 0-22 V, and — 0-82 V vs. SCE. Polarographs taken on 
neutralized samples from hydrolysis kinetic runs indicated that the final hydrolysis 
product of trans- [Pt(en) 2 Cl 2 ] 2+ was tranj-[Pt(en) 2 (OH) 2 ]* + . 

The hydrolysis of [Pt(en) 2 C10H] 2+ was also studied. The data are presented in 
Table 8. The data indicate that this compound was also reduced in basic solution. 
The rate of chloride release was OH - dependent. 
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It was found that trans- [Ptfcn^OH)^ was not reduced when dissolved in NaOH 
solution. 

DISCUSSION 

In order to understand the kinetics of reactions of these Pt(IV) complexes in basic 
solution, it is important to realize that they are weak polybasic acids. 

[Pt(NH 3 ) 6 Cl] 8 + [Pt(NH3) 4 NH 2 Cl] 2 + + H+ (14) 

[Pt(NH 3 ) 4 NH 2 Cl] 2 + =4^ [Pt(NH 3 ) 3 (NH 2 ) 2 Cl]+ + H+ (15) 

Table 8 lists values of pK a ’s for some Pt(IV) ammine complexes. These were obtained 
by titration, conductivity studies, or from the literature. The simplest type of rate 


Table 9 —Acid dissociation constants of platinum(IV) complexes at 25 0°C 
Complex Ionic strength pA a in pA' B ,ai Method 


[PttNHJJO* 

[Pt(NH a ) s Cl]Cl a 

fra/ij-[Pt(NHj) 1 Cl a ](N0 3 )2 

m-[Pt(NH,) 1 Cl,](NO,) s 

franr-[Pt(NH a ) a Cl a ]Cl 

/ra/w-[Pt(en) a Cl a ]Cl„ 

lron.v-[Pt(en) a ClH a O](NO a )i 


0 020 

720 

0 032 

7 25 

040 

780 

dilute 

79 

0 020 

840 

0 020 

— 

012 

8 65 

dilute 

8 1 

0016 

11 3 

0017 

>110 

016 

113 

dilute 

9-8 

0011 

— 

0 016 

9 70 

— 

9-40 

0 0050 

>11 1 

0 010 

>11 0 

0016 

110 

016 

113 

dilute 

10 4 

0 022 

3 70 


10 5 

Titration 

10 6 

Titration 

111 

Titration 

10 1 

Reference 1141 

>11 0 

Titration 

125 

Conductivity 

>124 

Titration 

10 3 

Reference 1141 

— 

Conductivity 

— 

Titration 

— 

Titration 

— 

Reference 1141 

124 

Conductivity 

>107 

Titration 

10-3 

Reference 1151 

— 

Titration 

— 

Titration 

— 

Conductivity 

— 

Titration 

— 

Reference 1151 

>108 

Titration 


equation for hydrolysis which can be wntten for these compounds would be one of 
the following - 

d[C\-]ldt = ^[H n A] + A: 2 [H n _,A“] + Ar 3 [H B _ 2 A“] + ... (16) 

d[C\-]!dt = ^'[H n A][OH-] + A-][OH-J + k z ' [H n _ 2 A“][OH - ] + . .. (17) 

These general equations are written for a neutral acid (H n A) but are applicable to any 
charge type. Equation (16) would apply to a complex m which the complex (acid) 
and its conjugate bases all react by a dissociative mechanism (S^l) and therefore 
corresponds to the S^ICB process. Equation (17) corresponds to a mechanism in 
which each species reacts by a displacement process (Sjy2). The k’s are rate constants 

,1 * > 7 Bjerrum, G Schwarzenbach and L G. Sill£n, Stability Constants, Part II Inorganic Ligands 
pp. 14, 57 The Chemical Society Special Publication 7, London (1958) 

,1W A. A. Grinberq, L. V. Vrublevskaya, Kh. I Gil’denoershel’ and A I. Stetsenko, Russian 
J. lnorg. Chem (translation) 462-66(1959). 
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for the hydrolysis of each species in solution. The observed rate therefore hi either 
case will be the sum of rates of the hydrolyses of the free add and of its conjugate 
bases; and the rate will depend on the concentrations of the respective spedes (i.e., on 
their pAT 0 ’s and the OH~ ion concentration) and on the relative values of the fc’s. The 
rates of these two processes as a function of H + for a dibasic add are 

‘‘w* - iH^TgffTTip; ++ ***> < 18 > 

d[C\~]jdt = [H T] 2 — — Ki k 2 + *s'[H + l*k + VW (19) 

The experimental data presented in the previous sections show the hydroxide 
dependences for the hydrolyses of the different complexes. It was thought that this 
information might provide a clue to the mechanism of these reactions. By plotting 
equations (18) and (19) as a function of pH using appropriate values for the add 
ionization constants (A"’s) and trying a variety of combinations of rate constants (it’s), 
one should be able to match the experimentally determined hydroxide dependence 
with one of the equations. This would provide evidence that the reaction obeys either 
a first or second-order rate equation. Unfortunately for all the compounds studied 
(except rrfl«s-[Pt(NH 3 ) 4 Cl 2 ] 2+ ) the observed hydroxide dependence was intermediate 
between zero and first order. This type of behaviour can be adequately explained by 
either mechanism and both rate equations (18 and 19). Therefore the observed 
hydroxide dependences can be explained in terms of the acid base equilibria, but 
assignment of mechanism cannot be made in terms of hydroxide dependence data. 

The hydrolysis of [Pt(NH 3 ) 6 Cl] 3+ and m-[Pt(NH 3 ) 4 Cl 2 ] 2t did not involve any side 
reactions and the rates were only dependent on the concentrations of complex and 
hydroxide ion. It appears that these reactions proceed by a simple substitution type 
process, but the data are not adequate to provide a more detailed mechanistic inter¬ 
pretation. The Pt(ll) independent hydrolysis of trans- [Pt(NH a ) 3 Cl s ]+ is similar to 
these reactions and probably proceeds by a simple substitution mechanism. 

The iranr-dichloro complexes react in a manner quite different from the other 
complexes. The fact that the hydrolysis of ironj-[Pt(NH a ) 4 Cl 2 ] 2f has a first-order 
dependence on [Pt(NH 3 ) 4 ] 2t and is independent of OH - suggests that a bridge 
mechanism as outlined m equations (20), (21) and (22) is operative. 


H 3 N NH 2 + 


[Pt(NH 3 ) 4 ] 2+ + H 2 0 [Pt(NH 3 ) 4 H 2 0] 2 ' 1 (20) 

H 3 N NH 3 2 < h 3 n nh 2 h 8 n nh 3 3 + 


Cl—Pt—Cl + Pt—OH a Cl—Pt— Cl —Pt—OH 2 

/\ /\ /\ /\ 


h 3 n 

nh 3 

h 3 n 

nh 3 

h 3 n 

nh 3 

h 3 n 

nh 3 

h 3 n 

nh 3 + 

h 3 n 

nh 3 2 + 

h 3 n 

nh 3 

h 3 n 

nh 3 3+ 


\/ 


\ / \/ 


Cl—Pt + 

/\ 

h 3 n nh 3 


Cl—Pt—OH 

/\ 

H S N nh 3 


Cl—Pt— Cl 

/\ 

h 3 n nh 3 


—Pt—OH 

/\ 

h 3 n nh 3 


( 21 ) 


(22) 
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This mechanism is very similar to those used to explain chloride exchange 1191 and 
certain substitution reactions' 171 of this type of dichloro Pt(IV) complexes. The 
conjugate base [Pt(NH 3 ) 8 NH 2 Cl 2 ] + is almost certainly the reactive Pt(IV) species since 
at a pH over 13, the complex is at least 90 per cent in this form or in the form of more 
dissociated acids. The mechanism is consistent with the Pt(II) and OH - dependence 
observed. It also explains why only one Cl - is replaced, assuming that OH~ is not a 
good bridging group in Pt(IV)-Pt(II) systems. This assumption seems justified on the 
basis that platinum exchange between fPt(en) 2 (OH) 2 ] 2+ and [Pt(l—pn) 2 ] 2+ , in which 
OH~ would have to serve as a bridging group, was not observed. (le) 

The reactions of nmy-[Pt(en) 2 Cl 2 ] 2+ in basic solution led to extensive reduction. 
Hydrolysis was observed to be essentially Pt(II) independent. A small hydroxide 
dependence was observed for Cl - release and reduction to [Pt(en) 2 ] 2+ . It seems 
probable that hydrolysis is essentially OH - independent and that the OH - dependence 
observed for Cl - release was due to the reduction process. 

The kinetic data for this system are best explained by assuming that reduction and 
hydrolysis to [Pt(en) 2 (OH) 2 ] 2+ are competing processes. If this assumption is correct, 
the increase in the rate of Cl - release as [Pt(IV)] was increased was due to an increase 
in the rate of reduction, since the extent of reduction increased. The fact that an 
increase in OH~ concentration increases the extent of reduction supports the assump¬ 
tion that reduction and hydrolysis are competing reactions. It also indicates that the 
hydroxide dependence is primarily in the reduction process. 

The mechanism for the reduction process was also of interest. Reduction occurred 
only in complexes which contained trans chlorides. This suggested that a mechanism 
involving a bridged intermediate was a plausible path. The fact that at infinite time in 
all the hydrolyses runs on //mr-[Pt(en) 2 Cl 2 ] 2+ all the calculated chloride was found as 
ionic chloride indicates that neither Cl 2 , OCl~, nor C10 3 ~, which are likely oxidation 
products in this reaction, are formed. Oxygen is not a likely direct product of the 
reaction since neither Pt(IV) complexes nor CI 2 are observed to oxidize water to 0 2 m 
basic solution. Equations (23) and (24) present a mechanism that is consistent with 



the data collected on trans- [Pt(en) 2 Cl 2 f+. This mechanism is analogous to the type of 
bridge mechanism proposed for chloride exchange and other substitution reactions of 
this type of Pt(IV) complexes.' 16 . 171 

F Basolo, M L Morris and R G Pearson, Disc. Faraday Soc 29, 80, (1960). 

R. C Johnson and F. Basolo, J Inatg. Nucl. Chem , 13, 36 (1960). 
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The fact that only trans dichloro-Pt(IV) compounds are reduced is consistent with 
observations that Cl" exchange is rapid only for Pt(TV) compounds containing trans 
chlorides. Ibis type of mechanism would also explain the Pt(IV) dependence observed 
for chloride release and reduction, since a second-order Pt(IV) dependence is expected 
if reaction (23) is rate determining. The chloroaraine fanned is a strong oxidizing 
agent and may either oxidize the organic group further or oxidize water to 0 2 . In this 
way most of the Cl" would reappear in the solution. A small loss in ligand would not 
be detected by the analytical methods used. Oxidation of coordinated ammines by 
Cl 2 has recently been reported. (18) 

SUMMARY 

The chloroammineplatinum(lV) complexes studied were found to release chloride 
ion m basic solution by at least three different processes. In the basic reaction 
mixtures the predominant platinum containing species were conjugate bases, amido 
complexes; these ions were involved in the hydrolysis reactions and may have been 
the only reactive platinum species. One reaction process involves the simple replace¬ 
ment of coordinated chloride ion by hydroxide ion. This occurs with the complexes 
[Pt(NH 3 ) 5 Cl] 3+ , m-[Pt(NH 3 ) 4 Cl 2 ] 2 " and /runs-[Pt(NH s ) 3 Cl 3 ] + . A second process is 
one catalysed by the presence of Pt(II), which was found for the complex trans- 
[Pt(NH 3 ) 4 Cl 2 ] 2+ . A third method of chloride ion release is that resulting from the 
reduction of six-coordinated platinum(lV) to four-coordinated platinum(II) com¬ 
plexes. This decrease in coordination number is accompanied by the loss of two 
chloro groups in trans positions. Such a path is responsible for approximately 10 per 
cent of the Cl~ released from rra/i.r-[Pt(NH 3 ) 4 CI 2 ] 2+ and trans- [Pt(NHgjjClj,]+ and up 
to 90 per cent of the Cl" released from fiwij-[Pt(en) 2 Cl 2 ] z+ . 

Note added m proof— While this paper was in the proof stage, an article pre¬ 
senting base hydrolysis data on a similar series of compounds was found. (A. A. 
Grinberg and Yu N Kukushkin, Dokl. Akad. Naur. SSSR, 132, 1071 (I960)). 
The experimental data reported were m general agreement with our work. 
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NUCLEOPHILES ' , 
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Wilmington, Delaware 

(.Received 17 August 1961) 

Abstract—Nucleophiles reacted with cyanopentabenzylisonitrileiron(II) bromide (X) in three different 
fashions: bases such as sodium hydroxide and sodium bicarbonate decomposed X to tany polymers; 
potassium cyanide caused polymer formation and generated benzyl isonitrile from the complex; weak 
bases which form only moderately stable complexes with iron(IJ), e.g methanol, ethyl mercaptan or 
ammonia, were benzylated. 

In a previous communication we have described the synthesis of a new class of iron 
isonitrile complexes. 11 ' Relatively little work is reported on the reactions of organic 
ligands when co-ordinated to a metal ion; no such work was found in the literature 
on metal isonitrile complexes <2! Yet considerable double bond formation has been 
observed between iron and the isonitrile ligand which could modify the reactivity 
of the organic ligand in the aliphatic, and even more so, in the aromatic series. 13 ' This 
paper describes the reactions of cyano pentabenzylisonitrileiron(II)bromide with 
various nucleophiles. (4) 

EXPERIMENTAL 

Reaction of potassium cyanide with cyanopentabenzyhsonitrileiron(II) bromide (X) 
in 90 per cent ethyl alcohol 

To a solution of 54 g (0-071 mole) of X in 90 per cent ethyl alcohol was added 30 g (0-45 mole) of 
potassium cyanide The reaction mixture was refluxed and stirred for 72 hr. The excess solvent was 
then evaporated under 0-1 mm pressure and room temperature to yield as a residue a black tarry 
material The distillate was Fraction A. Extraction of the residue with boiling chloroform (5 X 100 
ml) and subsequently with boiling ethyl alcohol (3 x 100 ml) and evaporation of the extracts yielded 
33 7 g of black material ( B ), which refused to crystallize, despite numerous attempts to purify it. The 
infra-red spectrum of B indicated the presence of several nitrile and/or isonitrile groups (in p): 3-00 (s) 
3 40 (r), 3-50 (s), 4-58 (vs), 4 68 (vs), 5-10 (s), 6-00 (sh), 6-30 (s), 6-18 (s), 6 88 (s), 7-22 (m), 7-42 (s), 
9 03 (s), 14-40 (r). Attempts to hydrolyse this material by prolonged refluxing with 80 per cent 
sulphuric acid failed. 

The ethanol, chloroform insoluble material, 27 g, Fraction C, gave a positive prussian blue test 
with feme chloride When 26-5 g of C was dissolved m 100 ml of 2 N hydrochloric acid and an excess 
of zinc chloride was added a white precipitate appeared which, after drying at 120°C/30 mm, consisted 
of 10 g of solid. Since about 70 per cent of this precipitate accounted for zinc ferrocyanide, the con¬ 
version to ferrocyanide anion must be about 40 per cent.'*’ 

Fraction A was distilled at 760 mm and then at reduced pressure through a spinning band column, 
yielding 6 g of N benzyl formamide, b.p. 88-90°C, 21 mm Hg, identified by comparison of its spectrum 
with that of an authentic sample. (Found: N, 10 98 Calc, for C,H s CH,NHCOH: N, 10-36%). 

,l) W. Z. Heldt, J. Inorg, Nucl. Chem. In press. 

1,1 L. Malatesta, Isocyamde Complexes of Metals, in “ Progress in Inorganic Chemistry", (Edited by 
F. A. Cotton) p. 283. Interscience, New York (1959), 

1,1 (a) H. M. Powell and G W. R. Bartindale, J Chem. Soc., 799 (1945). 

(b) F. A. Cotton and F. Zing ales, J. Amer. Chem Soc., 83, 351 (1961). 

141 C K. Ingold, Structure and Mechanism of Organic Chemistry, p. 197. Cornell University Presa, 

,4) H. E. Williams, Cyanogen Compounds (2nd Ed.) p. 364, Edward Arnold, London (1948). 
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Exchange experiments with X and labelled potassium cyanide 

Labelled K 14 CN was obtained from New England Nuclear Corporation. Twenty one and seven 
tenths milligrams (= 0-32 mmole) of K 14 CN were dissolved in 4 ml of H a O; 1-9898 g (30-6 mmole) 
of inactive ICCN dissolved in 4 ml of H,0 were added to the solution; the solution was stirred for 
several minutes and subsequently 125 ml of absolute ethanol was added, whereby K 14 CN (1-310 g) 
crystallized out. The K 14 CN was washed with absolute ethanol, dried and analysed by the scintillation 
method in methanol as described by Haves 141 . The sample contained 500 pcfg of U C Analysis for 
14 C in the reaction mixtures was performed according to the same method under the same conditions. 

(a) To 383 mg of X (0-5 mmole) dissolved in 13 ml of 100 per cent methanol was added a solution 
of 33 g (0-5 mmole) of K 14 CN containing 16-5 pc in 7 ml of distilled water, and the homogenous 
solution was allowed to stir in a stoppered bottle for 60 hr at room temperature. The reaction mixture 
was then poured into 400 ml of water, the aqueous solution was extracted with chloroform, the 
chloroform extracts were dried with magnesium sulphate, filtered, and evaporated to dryness under 
reduced pressure at 28 C The oily residue, 250 mg, was then dried at 25°C/1 1 mm overnight, 
analysis indicated \1 6 pc which represented an accounting for l4 C of 70 4 per cent in the sample 
isolated from the reaction mixture 

(b) Same as in (a) but the homogeneous solution was allowed to stir for 5 min instead of 60 hr 
before the reaction mixture was poured into water and processed. Total material isolated was 210 mg, 
in this case the product was crystallized after drying Radioactive analysis gave 4 3 ft c indicating an 
exchange of 26 1 per cent in the sample isolated from the reaction mixture. 

(c) To a solution of 3 83 g (5 mmole) of X in 130 ml of methanol was added a solution of 337 mg 
(5 3 mmole, 20 0 pc) of K 14 CN in 70 ml of water and the homogeneous solution was stirred in a closed 
vessel for 60 hr at room temperature The solution was then evaporated to dryness under reduced 
pressure To the residual green oil was added 100 ml of 85 per cent sulphuric acid and the reaction 
mixture was heated on a steam bath for 4 hr The reaction mixture was then cooled to room tem¬ 
perature and was poured onto about 400 g of ice whereby a yellow oil precipitated out This yellow 
oil was dissolved in chloroform, the chloroform solution was dried with magnesium sulphate and 
product was crystallized from chloroform-methyl ethyl ketone After one recrystallization from 
methyl ethyl ketone, 1 8 g of yellow ciystals were obtained with amp. 156-158 C This material did 
not give any melting point depression upon admixture with (C„H t CH a NC) s FeCNHSO t H 2 O m and 
their infra-red spectra were identical Radioactive analysis indicated 8 5 > 10 * //c/mg, or 7 6 per cent 
exchange of the cyanide group in the isonitrile complex 

Reaction ofX with K 14 CN in ethylene glycol dimethyl ether 

To a solution of 30 6 g (0 04 mole) of X in 250 ml of dry ethylene glycol dimethyl ether (distilled 
over Na) in a stainless steel vessel was added 8 463 g (0 13 mole) of potassium cyanide labelled with 
l4 C having a radioactivity of 65 //c The reaction mixture was heated for 5 hr at 150 °C under 700 atm 
nitrogen pressure The reaction mixture was then cooled to room temperature and was filtered from 
the ethylene glycol dimethyl ether insoluble materials ( A ) The filtrates were poured onto 500 ml of 
ether in order to precipitate any unreacted isonitrile complexes which were ether insoluble A light 
brown ether soluble mixture was obtained (Fraction I) and a dark brown ether insoluble material 
precipitated out which was dissolved in chloroform (B) Fraction A was then extracted with 2 * 75 ml 
of boiling chloroform and the chloroform extracts were combined with Fraction B which,, after 
evaporation and drying at 25"C/1 0 mm, yielded 10 8 g of isonitrile complexes (Fraction II) The' 
infra-red spectrum of Fraction II (KBr)2 92 (vs), 3 42 (j), 4 56 (v), 4 62 (j), 4 88 (vs), 6 14 (s), 6 68 (r), 
6-88 (s), 7 42 (s), 8 92 (m), 13 60 (r), 14 36 (s), (/<) The chloroform insoluble fraction of A, Fraction III, 
was mainly an inorganic bluish-white material, 16 8 g Fraction I was distilled first at 760 mm and 
subsequently under reduced pressure. 


Distillation 


Fraction 

mm Hg 

Boiling point (°C) 

Distilled (g) 

»1‘ 

la 

15 

42-80 

1-35 

1 4640 

lb 

15 

80-95 
main 90-95 

30 

1 5167 

I c 

Id 

Residue 

1-0 

115-140 
main 138-140 

27 

4 3 

1-5419 


<4 ‘ F N. Hayes Int J AppL Radiation and Isotopes, 1, 46 (1956). 
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The totals of Fractions 1,11, and III were 38 -95 g which accounted for 98 per cent of the materials 
used in the reaction. Fraction lb consisted of about 80-90 per cent of benzyl isonitrile, identified by 
comparison with the spectra of a reference sample, w ana an unknown alcohol (ethylateglycol?) 
Infra-red spectrum (liquid): 2-95 (vs), 3-29 (a), 3-42 (a), 3-49 (a), 4-63 (vs), 5-98 (w), 6-22 (w), (vs), 

6-88 (vs), 7-08 (w), 7-40 (w), 8-32 (r), 9-29 (s), 9-82 (vs), 10-55 (tv), 11-08 (w), 12-28 (broad), 12-68 (vs), 
14-40 (or), (p). Fraction Ic consisted of a mixture of benzyl isonitrile (about 20-30 per cent) and N- 
benzylformatrudc, identified by comparison of the reference spectra of these two compounds. Radio¬ 
active analysis gave the following results: 


Fractions (g) 

pc 

% of total radioactivity 

lb (3 0) 

3 86 

5-94 

lc(2-7) 

1 28 

1-97 

11(10-8) 

7 63 

11-73 

111(16 8) 

16-15 

24-85 

Total 

28-92 

44-5 


The balance of radioactivity must be present m the nonanalysed pot-residue Id, which contained 
products of polymerization of benzyl isonitrile. 

Reaction ofX with methanol under carbon monoxide pressure 

A solution of 54 g (0 07 mole) of X in 200 ml of methanol was pressurized with carbon monoxide 
to 700-850 atm and the reaction mixture was heated at 175°C for 6 hr in a stainless steel autoclave. 
During this period a total of 350 atm of carbon monoxide was consumed by the reaction mixture. 
The reaction vessel was washed well with methyl alcohol and the reaction mixture was filtered from a 
solid compound A (10 05 g) This white material was insoluble in all organic solvents such as ether, 
chloroform, acetonitrile, methanol, dimethylformamide and dimethylsulphoxide, but dissolved in 
concentrated sulphuric acid and dilute, hot sodium hydroxide. A solution of A in concentrated 
sulphuric acid evolved a gas when heated on a steambath The infra-red spectrum in KBr showed 
three peaks in the nitrile, lsomtrile and carbon monoxide region; 2 98 (vs), 3-05 (vs), 4-50 (s), 4-75 (vs), 
4 92 (vs), 6 02 (w), 6 20 (s), 6 70 (s), (p) The material did not melt up to 320°C. (Found: C, 29-94; 
H, 3 29; N, 23 91; Fe,3100 Calc, for H,Fe,(CN),(CO),: C.30 28; H, 141; N.23 55; Fe, 31-29. 
Calc, for H,, Fe z (CN) a (CO) a - C, 29 78; H, 3-05; N, 23-16, Fe, 30-77%). Specific magnetic suscept¬ 
ibility (as solid) x — 34 1 x 10 4 c.g s at 25"C. 

When 512 mg of A were added to 5 0 ml ofl 9786 N sodium hydroxide and the solution was stirred 
for 1 5 hr at room temperature, then filtered from the very slight precipitates, and back titrated with 
0 113 N hydrochloric acid potentiometncally, 66 5 ml of hydrochloric acid were necessary to neutralize 
the excess of sodium hydroxide. That means that there were 1 5 active hydrogens in the above formula 
weight of A. 

On the other hand, when 277 mg of A were added to 3 0 ml of 1-9786 N sodium hydroxide and the 
mixture was heated on a hot plate to boiling, cooled to room temperature, filtered, and back titrated 
potentiometncally with 0 113 N hydrochloric acid, 34 5 ml of hydrochloric acid were necessary to 
neutralize the excess of sodium hydroxide; here the solid consumed 2 037 meq. of base or it contained 
about 2 65 active hydrogens. The blue residue which precipitated after acidification was filtered, 
washed throughly with water and was dried at 0 1 mm/25°C for several hours. (Found: C, 21-69, 
H, 2 23; N, 16 86, Fe,29 26. Calc for Fe 7 C st H 3! N I8 O l4 - C,21 84, H.2-44; N, 16 98, Fe, 29-62%) 
The infra-red spectrum in KBr of this material also differed considerably from A: 2-95 (vs), 4-70-4-90 
(ef, broad), 6 20 (w), 9-30 (w), 9 75 (h>), (p) 

The filtrate of A was distilled through a fractionating column first at 760 mm, then at reduced 
pressure yielding as the mam fraction 25 1 g of a colourless liquid, b.p. 104-106°C/90 mm Hg, rig — 

1 4967 Infra-red spectrum. 3 00 (w), 3 50 (os), 5 92 (vs), 6 25 (tv), 6-70 (s), 6-89 (vs), 7-25 (vs), 7-32 (s), 
840(s),9 10 (os), 9-72 (r), 10 40 (r), 10-82 (r), 11-07 (s), 13 50 (s), 14-35 (os), (p). The infra-red spectrum 
of the distillate indicated the presence of a keto or acid group. The distillate did not saponify when 
boiled with base and did not give a 2,4-dimtrophenylhydrazone or a semicarbazone. Finally, the 
distillate was purified by reduction of all contaminants with lithium aluminium hydride. To a sluny 
of 4 0 g (0 1 mole) of lithium aluminium hydride m 100 ml of anhydrous ether and a three neck flask 
(stirrer, condenser, additional funnel) was added a solution of 7-5 g of the distillate in 50 ml of ether, 
at such a rate the ether just refluxed. The reaction mixture was then refluxed overnight. After this* 

»» I. Uoi and R. Meyer Ber. Dtsch. Chem. Ces. 93, 239 (1960). ™ 
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time tbe reaction mixture was cooled to room temperature and the excess lithium aluminium hydride 
was decomposed with water, and the hydroxides were dissolved by the addition of 50 ml of 20 per cent 
sulphuric acid. The ether layer was separated and the water layer was extracted three times with 
100 ml of ether. The ether extracts were combined, dried with magnesium sulphate and distilled. 
Only one material was obtained in the vacuum distillation; 6-7 g, b.p. 101-103°C/80 mm, nj’ = 
14992. Infra-red spectrum of this material was nearly supenm posable with that of methyl benzyl 
ether. The nuclear magnetic resonance spectrum of this material was identical with that of an authen¬ 
tic sample of benzyl methyl ether; it indicated only aromatic, methylene and methyl hydrogen in a 
ratio of 5.2:3 

Reaction of tetrabenzhydrylisonitrileiron(II) cyanide with anhydrous methanol 

A solution of 11 g (0 0125 mole) of ((CJI,),CHNC) 4 Fe(CN),, u > m.p. 242-244°C, in 70 ml of 
absolute methanol (Baker’s analysed methanol was distilled from magnesium methoxide) was heated 
for 4 hr at 140°C under 780-800 atm nitrogen. The reaction mixture was then cooled to room tem¬ 
perature and was filtered from 2'9 g of methanol insoluble material. The methanol soluble filtrates 
were distilled under 16 mm pressure. Only one fraction was isolated, b.p. 148-150°C/16 mm, 4 4 g, 
44 per cent conversion for (C„H 6 ) 2 CHOCH a , /){,*= 15650 There remained 18 g of pot residue 
which was not further identified (Found. C, 84 27; H, 6 96 Calc for (C,H,) s CHOCH B - C, 84 79, 

H, 7-12%). Infra-red 3 30(s), 3 40(r), 3 55 (s), 5 12(w), 5 30(h), 5 55(h), 6 22(m), 6-70(t>i), 6-99(vs), 
7-42 (m), 7-65 (s), 8 42 (s), 9 12 (s), 9 32 (vs), 9 72 (vs), 10-35 (vs), 10 85 (w), 10 95 (w), 11-55 (w), 
12-05 (h>), 13 25 (vs), 13 55 (vs), 14 35 (vs, broad), (/i). 

Reported for (C„H s )jCHOCH a , bp 147-148/17 mm Hg. 181 

Reaction of potassium thiocyanate with X 

To a solution of 15 2 g (0-02 mole) of X m 150 ml of dry (see above) ethylene glycol dimethyl ether 
was added 7-8 g (0 08 mole) of potassium thiocyanate (dried at 120°C/20 mm for 24 hr), and the reac¬ 
tion mixture was heated at 150°C for 5 hr under 700 atm nitrogen pressure The reaction mixture was 
then filtered from 11 5 g of a black solid The filtrates were distilled under 1 0 mm pressure Only one 
fraction was collected, b p. 75-155°C (main fraction, b.p 152-155°C) 4 5 g (38 per cent conversion in 
reference to KSCN added) There remained 5 5 g of a black residue in the still The infra-red spec¬ 
trum of the distillate was. 3 00 (w), 3 30 (w), 3 42 (w), 4 62 (w), 4 85 (w), 5 95 (w>), 6 22 (w), 6 68 (s), 
6 88 (j), 7 25 (r), 7 52 (w), 8 20 (f), 9 36 (w), 9 75 (w), 14 40 (s), (ji). 

A synthetic sample of benzyl thiocyanate was prepared from benzyl bromide and potassium 
thiocyanate according to the procedure of Johnson' 8 ', b p. 117-119 5/5 mm, m p. 39-40°C (reported 
m.p 4rC»°>) (Found- N.9 58; S, 21 29 Calc, for C,H 6 CH 3 NCS N.9-25; S, 21-21%) Benzyl 
thiocyanate showed a strong band ar 4 62 p characteristic of the — S—-C==N absorption. The band at 
4-85 p in the reaction mixture appeared therefore to belong to benzyl isothiocyanate tn > Judging from 
the intensity of the two bands at 4 62 /i and 4 85 p, the reaction mixture consisted of approximately 
3 - 1 ratio of benzyl isothiocyanate and benzyl thiocyanate. 118 ' 

RESULTS AND DISCUSSION 

Nucleophiles may displace the cyanide group or the isomtrile group from (C 6 H 5 
CHijNC) 5 FeCNBr(X), or may react with the lsonitrile group, the methylene group, 
or, least probably, attack the aromatic nucleus in X. 

When X was heated with sodium hydroxide or sodium bicarbonate in water or 
dimethylformamide as the solvent (see Table 1) only polymer formation took place. 
Interestingly, the polymer exhibited strong infrared bands at 4-58 p and 4-70 /u, 
indicating the presence of isomtrile groups. The iron was so strongly complexed 
it could nor be dissolved out of this polymer with 80 per cent sulphuric acid. 

When X was refluxed for 16 hr with a five molar excess of triphenylphosphine, 
triphenylarsine or pyridine in a chloroform solution, X was recovered in 90-100 percent. 

E. BergmanN and J Hervey, Ber Dtsch Chem. Ces. 62, 915 (1929). 

I, 1 T, B. Johnson and R. B. Douglass,/. Amer Chem Soc 61, 2548 (1939). 

<l0 » L. Henry, Ber. Dtsch. Chem Ges. 2, 636 (1869). 

mi (a) E. Libber, C N. R. Rao and J Ramachandran, Spectrochim Acta, 13, 296 (1959) 

(b) L. S. Luskin, G. E. Gantert and W. E Craig, J Amer. Chem Soc. 78, 4965 (19561 
, “ l W. Z, Helot, Unpublished results (1959) 
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Under similar conditions carbon monoxide is easily displaced from iron carbonyls. W) 

When X was boiled with six moles of potassium cyanide in 90 per cent ethyl 
alcohol, potassium ferrocyanide and V-benzylformamide, which is a hydrolysis 
product of benzyl isonitrile were identified in about 40 and 14 per cent conversions, 
respectively. In addition to these compounds a polymeric material formed which 
still contained iron and showed three strong bands in the’ triple bond stretching 
region at 4-58 fi, 4-68 /u and at 5-10 (j,. Attempts to hydrolyse this polymer with 
80 per cent sulphuric acid failed. Under the same reaction conditions, X underwent 
hydrolysis to benzyl amine with no difficulty. a> When the KCN/X ratio was decreased 
from 10 to 3, the amount of benzyl isonitrile or N-benzylformamide isolated increased 
from 1 to 30 per cent (Table 1 and Experimental). Polymeric iron-containing 
products which showed two strong bands in the 4-50-4-85 region were formed when 
the KCN/X ratio exceeded 4; little polymer formation was observed when the 
KCN/X ratio remained below 3-J. Potassium cyanide, therefore, when present in 
more than four molar excess, polymerizes the benzyl isonitrile and the concurrent iron 
isonitrile complexes. 


Fro. 1 —Reaction of K’*CN with (C,H s CH,NC),FeCNBr. 


K»CN 

[(C 6 H l CH s NC) t FeCN]Br-<=>- 

KBr 

(X) 

Isomerization 

[(C 6 H,CH 2 N 11 C)Fe 14 CN] 14 CN •* - 

V 



[(C „H jCHjNC) s FeCN ] l4 CN 


[(C«H,CH,NC),Fe* 4 CN ] 14 CN 


III 


H s SO t 


[(C 6 H I CH a NC) 5 Fe“CN ]HSO, 
IV 


C.H,CH,N 14 C C.H 6 CH a NH 14 COH 


Benzyl 

Isonitrile 

polymer 


Iron 

Isonitrile 

complexes 


Inorganic | 
cyanides 
ana complexes 


conversion 12-8% 110% 18 3% 10 8 g 16 8 g 

radioactivity (%) 6 0 2 0 55 5(f) 117 24 8 


The relative ease of preparation of an iron-alkyl isonitrile complex and the 
formation of an alkyl isonitrile in the reaction of potassium cyanide with the complex 
indicates a novel route for the synthesis of alkyl isonitriles. It was therefore of 
interest to investigate the mode of isonitrile formation from X in some detail with 
K 14 CN (see Fig 1). The metathetical exchange of the bromide in X against radio 
cyanide (II, III), one of the first intermediates in the formation of alkyl isomtriles 
from X, was not instantaneous; after 5 min at room temperature only 26 per cent of 
bromide was exchanged against labelled cyanide, and after 60 hr only 70-5 per cent. 
When the products of the metathesis of X, i.e„ II, III (Fig. 1) was converted into the 
hydrosulphate (1) IV, it was found that 7-6 per cent of the cyanide bound to iron was 
exchanged against radio-cyanides. Products accounting in all three experiments was 
only 46-65 per cent. 

l1 *' (a) W Hieber and R. Breu, Ber Dtsch. Chem. Ges. 90, 1259 (1957). 

(b) W. Hieber and N Kahlen, Ber. Dtsch. Chem. Ges. 91, 2234 (1958). 
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The polymerizations of the liberated benzyl isonitrile and of the concurrent 
isonitrile complexes were diminished when the solvent was ethylene glycol dimethyl 
ether rather than ethyl or methyl alcohol. When X was heated with 3-25 molar 
excess of K 14 CN in ethylene glycol dimethyl ether in an autoclave there were formed: 
benzyl isonitrile, N-benzylformamide, a polymer resulting from benzyl isonitrile, 
iron isonitrile complexes and unreacted labelled potassium cyanide insoluble in 
chloroform (Fig. 1). In a simple displacement of benzyl isonitrile by K X< CN from 
X all the labelled atoms should appear in the isonitrile complex and none in the 
displaced benzyl isonitrile. Since the benzyl isonitrile and N-benzylformamide were 
both labelled, an internal isomerization of III—V must have preceded the formation 
of isonitrile from V. Furthermore, the radioactive label was present in all of the 
products isolated but in each to a different extent. For example, the benzyl isonitrile 
was more radioactive than the N-benzylformamide which must have been formed by 
addition of water to benzyl isonitrile. The results indicated, therefore, the internal 
isomerization and the generation of benzyl isonitrile, N-benzylformamide and the 
polymerization of benzyl isonitrile (?) are concurrent processes m this reaction. 

When the nucleophile was a weak base, and a weak complexing agent with Fe(II), 
then benzylation of the nucleophile was observed (see Table 1). 

(C„H s CH t NC) s FeCNBr + HXR - C„H.CH a XR 
HXR - HOCH„ HOCH(CH,),, HO s CCH„ HNH S , HNH(CH,) a CH,. HSCH.CH, 

When X was heated in methanol for 6 hr at 175°C under 700-850 atm of carbon 
monoxide pressure, methyl benzyl ether was isolated in 60 per cent conversion with 
the formation of a white methanol insoluble residue which gradually became blue- 

CO 

(C„H t CHjNC) s FeCNBr + CH.OH ->• C.HjCH.OCH, + H ( ,_ u ,Fe t (CN),(CO), 

This new carboxyl cyanide complex (or complex mixture?) exhibited three strong 
bands in the triple bond region: 4-50 fi, 4-75 fx and 4-92 fi and was paramagnetic 
X (specific) — 34-1 x 10 “ c.g s. at 25°C. The complex was insoluble in the usual 
orgamc solvents (see Experimental) but dissolved in sodium hydroxide and concen¬ 
trated sulphuric acid, in sulphuric acid, with the evolution of a gas Back-titration of 
the alkaline solution of the complex with standard acid indicated the presence of 1-5 
acidic hydrogens per mole of complex. When heated with 2-0 N sodium hydroxide, 
the complex decomposed. Further work is therefore required to identify this com¬ 
position definitely as a complex or as a complex mixture. 

A similar displacement was observed for a tetracoordinated isonitrile complex, 
tetrabenzhydrylisocyanoiron(II) cyanide, which yielded benzhydryl methyl ether in 
44 per cent conversion Various highly coloured inorganic residues were obtained in 
these reactions which were not identified any further. 

When X was reacted with potassium thiocyanate both benzyl thiocyanate and 
benzyl isothiocyanate were formed. Benzyl isothiocyanate was probably formed by 
thermal rearrangement of benzyl thiocyanate under the reaction conditions employed. 11 

Acknowledgement— The author wishes to thank Dr. G. R. Coraor for many helpful discussions and 
suggestions and Mr R. S. Blake of the Central Research Department for the radioactive analysis. 
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COMPLEX FORMATION BETWEEN GERMANIC 
ACID AND a-HYDROXY ACIDS—II 
MANDELIC ACID* 

E. R. Clark 

Wolverhampton and Staffordshire College of Technology, Wolverhampton. 
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(Received 11 July 1961; in revised form 22 August 1961) 

Abstract— The system germanic acid/mandelic acid has been investigated m aqueous solution between 
pH 2 and 7 Solubility, pH and conductivity studies have shown that germanic acid reacts with 
mandelic acid to form a 1 3 complex in solutions of acid pH value. Potentiometric titration of the 
complex acid indicated that it behaves as a dibasic acid. pATj — 2-53 and pit, = 3 83 in 0-1 M KC1 
using a ligand concentration of 0 02 M Crystallization of a solid complex acid was found possible 
from solutions containing 01M mandelic acid The solid complex acid was found to contain 1 mole 
Ge to 2 moles mandelic acid together with 4 moles of water of crystallization 

It has long been known that many a-hydroxy acids form complex acids with many 
acids such as boric acid, arsemous acid, etc. A summary of the earlier work in this 
field has been given in Britton. 111 The lactic, glycollic, malic and citric acid complexes 
of niobium and tantalum have been described by Fairbrother and Taylor 111 whilst 
more recently the citric, tartaric, mafic and mandelic complexes of molybdic acid and 
tungstic acid prepared by ion exchange have been investigated by Richardson. <#) 

In comparison with other a-hydroxy acids, mandelic acid as a complexing agent 
has received much less attention although it has been noted that zirconium forms an 
insoluble mandelate (4 ' s - 61 and so does hafnium. 171 The mandelate complex of indium 
has been described by Cozzi and Raspi. <8) 

First mention of the mandelic acid complex of germanium was made by 
Vartapetian. (9) By using conductivity and pH measurements and a method of 
continuous variations, a complex acid containing 1 mole Ge/2 moles mandelic acid 
was identified in aqueous solution. Furthermore, a solid complex acid was described 
of the same molar ratio Ge/acid. 

The present paper describes the Ge/mandelic acid system in more detail. The 
observations do not agree with those of Vartapetian. 

EXPERIMENTAL 

Materials 

Spectrographically pure quartz-type Ge0 2 was used for all experiments The purity of the Dl- 
mandelic acid as determined by titration was 100 per cent and that of the L-mandelic acid 99 2 
percent 

* Part of a Ph.D. thesis (London) 1960 

1,1 H T. S Britton, Hydrogen Ions, (4th Ed ) Vol 2, p 166-77. Chapman and Hall (1956). 

1,1 F. Fairbrother and J Taylor, J. Chem Soc 4946-54 (1956) 

E. Richardson, J. Inorg Nucl Chem. 13, 84-90 (1960) 

'*'R E Oesper, AnaJyt Chem 21,1509(1949) 

151 R.B Hahn and E S. Baginski, Anaiyt Chem Ada. 14, 45-7 (1956) 

1,1 R B Hahn and L. Weber, J. Amer Chem. Soc 77, 4777-9 (1955). 

R B. Hahn and P. T, Joseph, J. Amer. Chem. Soc. 79, 1298-9 (1957). 

D. Cozzi and G. Rasfi, Ricerca Set. 27, 2392-8 (1927). 

O. Vartapetian, C.R. Acad Sci, Paris 239, 1139-41 (1954) 
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The mandelic add and GeO| solutions were prepared using conductivity water which had been 
obtained by passing distilled water through a mixed bed deionisation column. 

'Methods 

The methods used for the solubility, conductivity and pH studies were similar to those described 
in a previous paper,' 10 * 

Solubility experiments These were earned out by mixing 0 06 g samples of GeO, with 3 ml of an 
aqueous solution of OL-mandehc acid of various concentrations contained in 10 ml centrifuge tubes 
The germanium which had passed into solution after one week was determined using thephenylfluorone 
method. 1111 

Conductivity and pH studies. Mandelic acid, 0 04 M, was mixed in various molar proportions with 
an 0-04 M solution of GeO, The conductivities and pH values of these solutions were determined 
after 4 hr although experiments indicated that the solutions were stable up to at least three weeks. 

A conductivity cell and standard Wheatstone bridge circuit as described by Findlay 111 * was used, 
the balance point being detected by a cathode ray oscilloscope 11,1 All measurements were made at 
20 d 0-1 °C and are given in G 1 cm '. 

pH measurements on solutions of GeO, and mandelic acid were made on a Cambridge portable 
pH meter (range 0-14 pH) using a glass and calomel electrodes which were standardized with a 
British Drug Houses buffer of pH 4 or 6 5 at 21" or 25°C 

Potenttometric titration Glass/silver-silver electrodes were used These were standardized 
against a mixture of 0-01 N HC1 and 0 09 N KCI (Veibels solution) which has a pH of 2 10 at 25°C. <14 ’ 
The silver-silver chloride electrodes were prepared from a paste of pure silver oxide as described by 
Nair 11 *" 

The cell used (Fig. 1), which was immersed in a thermostat kept at 25°C, has a capacity of about 
70 ml and is provided with two inlets for nitrogen The gas, which has previously been saturated with 
water and then passed through the presaturater (P) containing the same liquid as that being titrated, 
can, by opening or closing taps T, and T„ either sweep over the surface of the liquid or be used to stir 
it The glass electrode ( G ) and Ag/AgCl electrode (5) are mounted m two B14 sockets whilst a third 
B14 socket provides an inlet for the alkali solution and a fine capillary tube (C) provides an outlet for 
the nitrogen gas 

Fifty ml portions of mixtures of germanomandelic acid of ligand concentration 0 02 M and 0 1 M 
KCI contained in the cell were titrated with 0 315 N NaOH delivered from a semi-automatic grade A 
burette capable of reading to 0 02 ml The pH was measured after each successive small addition of 
NaOH solution, the mixture being stirred by the nitrogen It was found that equilibrium was attained 
within 1 min 

The titration was repeated on 50 ml samples of mixtures ofO 02 M mandelic acid and 01 M KCI 

Thermogravimetric analysis Thermogravimetnc analysis of the crystalline complex acid was made 
using a Stanton Thermobalance with a heating rate of 5° per min 

X-ray powder analysis Powder photographs were made using cobalt K a radiation (A — I -7889 A) 
or copper radiation (A = 1 5405) and 11 46 cm diameter or 19 0 cm diameter cameras 

Chemical analysis of crystalline materials The germanium content was determined by the phenyl- 
huorone method 111 * using a small sample weight or alternatively by ashing 100-200 mg of sample at 
900 C 

The carbon and hydrogen analyses were determined by the usual combustion methods 
DISCUSSION AND RESULTS 

(a) Reactions in solution 

The solubility of quartz-type Ge0 2 in solutions of mandelic acid is shown in Fig. 2. 
Over the sloping part of the curve excess solid Ge0 2 is present whilst over the hori¬ 
zontal part there is an excess of soluble acid in the presence of germanium. Equilib¬ 
rium occurs at a mole ratio Ge mandelic acid of 1 • 3. 

The results of conductivity and pH experiments on mixtures of 0 04 M dl- 
mandelic acid and 0-04 M GeO s (Figs 3 and 4) by the method of continuous variations 

1101 E R Clark, / lnorg Nucl Chem (1961) 

1111 H J Cluley, Analyst 76, 523-30 (1951). 
a,, A Findlay, Practical Phys Chem 161 (1945), 

R. N Haszeldine and A A Woolf, Chem. & Industr. 544-5 (1950). 

R. G Bates, Electrometric pH determinations p. 73-4 }. Wiley, New York (1954). 

V, S K. Nair, Talanta 9, 27 (1962) 
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Fio. 3 —Conductivities of mixtures of 0 04 M GeO, and 0 04 M mandelic acid at 21 °C 



, , Mole fraction mondelic acid 

Fro. 4.—pH values of mixtures of 0 04 M GeO s and 0 04 M mandelic acid at 20°C. 
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Complex formation between germanieadd and s-hydroxy acids—II. fc&adeffe ®sit 



show a well-defined maximum on the conductivity curve and a i 
curve at a molar fraction of mandelic acid of 0-75, indicating the existence of a ^ 
complex. These observations do not agree with those of VarTarehan who showed/', 1 ' 
by pH and conductivity measurements that a 1:2 complex existed. Similar results ;: 
are obtained when germanic acid and t-mandelic add are mixed, lie U3 complex 
is also formed if the solutions of 0-04 M Ge0 4 and 0-04 M DL-mandelic acid are 
heated on a water bath for four hours, and then cooled and made up to their orig 
volume. 



Moles NoOH/mondelate 

Fig 5 —Potentiometric titration of 0-02 M mandelic acid m 0-1 M K.CI (Curve A-A) 
and 0 02 M mandelic acid and 0-00666 M GeO, in 0 1 M KCI (Curve B-B ) at 25°C. 


The results of the potentiometric titration of the complex acid and mandelic acid 
are given in Fig. 5. Clearly, the primary dissociation constant K t of the complex acid 
is larger than that of the parent acid. It is significant that the two titration curves 
intersect at a mole ratio of NaOH/mandelate of 0-66/1., i.e. two thirds of the way 
towards complete neutralization. Analysis of the titration curve for the complex acid 
by using the procedure recommended by Gage (16) indicates that the acid is behaving 
as a dibasic acid over the pH range 2-3-7-0. The dissociation constants for the 
complex acid can be calculated by rearranging the Henderson equation thus: 

hx = Kc — Kx 

where K — the classical dissociation constant 
c = total concentration of acid 

<l ‘» J. C. Gage, Analyst 82, 219 (1957). 
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and x = a + h — Kw/k 

, where a — concentration of added alkali 
h — hydrogen ion concentration 
Kwlh = hydroxyl ion concentration. 

A plot of hx against x should be a straight line of slope K. Fig. 6 shows the results 
for mandeiic acid alone when pK is found to be 3-30. Analysis of the results for the 



complex acid (Fig. 7) indicates that titration takes place in two stages, pand pK 2 
being 2-53 and 3-83 respectively. 

A possible formula for the complex acid is therefore-— 

co oh co OH 

c,h s <!:h— o o-dtHc.H,, 

o' \ 

0=<L-^HC,H, 

(b) The crystalline complex of Ge0 2 and mandeiic acid 

The solubility experiments reported above have indicated that germanomandelic 
acid is very soluble in water. Crystallization of a solid complex can therefore only 
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be produced from a concentrated solution of the acid. Two methods were toed for 
the production of a crystalline complex of germanomandelic acid : 

(1) slow evaporation of solutions of the complex acid on a water bath followed ,, 
by cooling, and 

(2) isothermal evaporation of solutions of the complex efdd at room temperature' 

in a desiccator using silica gel afc absorbent. > : 



Fig 7 —Plot of hx against v for germanomandelic acid Line D-D first stage of 
titration pA, --- 2-53 Line C-C second stage of titration pA, - 3-83. 

In both methods a crystalline material was obtained when the mandelic acid con¬ 
centration had reached ^=01 M. The white crystalline precipitate was filtered off, 
washed, recrystalhzed from water and dried at 60°C. The d spacings for this compound 
together with those of mandelic acid are given m Table 1. Chemical analysis of the 
substance gave C, 4345 H, 4-65 Ge, 16 35%. Required for C^^OmCe • C, 43-19 
H, 4-53 Ge, 16-32% 

Thermogravimetric analysis of the material showed that a loss in weight occurred 
at two different temperatures. The results are shown in differential form in Fig. 8, i.e. 
a plot of weight loss (g)/per 100 g per °C against temperature. The loss in weight at 
130-140°C and that around 200°C was subsequently shown to be due to a loss in 
water content, and not the evolution of carbon dioxide. At temperatures around 
210-220°C the complex acid begins to decompose Differential thermal analysis of 
the crystalline germanomandelic acid was carried out by Dr. Wjttman of the 
Technische Hochschule, Vienna. The results (Fig. 9) show that there are two endo¬ 
thermic points corresponding to the evolution of water at the two different tempera¬ 
tures. 
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Table 1 


d spacing* for 
maDdetic acid 

m 817 
m 6'38 
s 5 28 
s 4-84 
m 4 64 
m 4-43 
m 4’26 
s 408 
s 402 
to 3-89 
f 3 61 
m 3-50 
m 3 39 
s 3 19 
/ 3 09 
/ 300 
m 2 92 
to 2-70 
vf 261 
/ 2 51 
to 2 41 
/ 2-36 
to 2 31 

Abbreviations used j- strong. ms-medium to strong, m-medium, /'-faint, n/'-very faint, (rf)-difTuse 
(broad line) 



'C 

Fio. 8.—Thermogravimetric analysts of germanomandelic acid. 


rf spacing* for germanomandelic acid heated to 



80“C 

105°C 

140°C 

s(d) 10-31 

*(</) 

10 19 

s(d) 

1452 

s(d) 8-02 


800 

f 

10 35 

m 

6-77 

m 

663 

TO 

7 38 

m 

5’48 

m 

590 

s(rf) 

5 89 

s 

5 15 

s 

517 

ms 

4 88 

f 

4 71 

f 

4 72 

ms 

4 59 

m 

4 37 

m 

4 37 

ms 

4 16 

m 

3-98 

m 

3 98 

ms 

3 76 

m 

3 70 

m 

3 72 

TO 

3 45 

m 

3 47 

m 

3 45 

f 

3 13 

m 

312 

m 

3 10 

vf 

2 90 

m 

2 85 

m 

2 84 

vf 

2 75 

m 

2 76 

m 

2-62 

TO 

2 57 

m 

2 61 

f 

2 25 

vf 

2 38 

m 

2 57 


TO 

2 25 

m 

2 37 



vf 

2 16 

f 

2 25 



vf 

207 

f 

2 17 



vf 

1 97 

m 

2 05 



Vf 

1 87 
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A sample of the crystalline germanbmandelic acid was heated in nitrogen for half 
an hour at 140°C. Analysis of the material produced gave C, 47-00 H, 3-95 Ge, 17*75; ' v 
required for QgHjgOgGe: C, 46-56 H, 4-03 Ge, 17-50%. This compound differs 
from the first by 2H 2 0 and it therefore seems likely that this quantity of water per mol. 



Fig 9 —Differential thermal analysis of germanomandelic acid. 


of Ge is released at the first endothermic point and a further two at the second endo¬ 
thermic point. The following two reactions therefore occur at 140°C and 200°C: 

C 16 H 12 0 9 Ge4H 2 0 C 19 H a2 0 6 Ge2H 2 0 + 2H a O 

200° C 

C 16 H 12 0 6 Ge2H 2 0-► C 16 H 12 0 6 Ge + 2H 2 0 

Possible structural formulae for these acids are therefore: 


(i) the first acid 


H.O 


C.H.C-H—O 


HO 


■od: 


O—H 

1 / - 


\i/ 

Ge COOH 


/ 


H—O 


V 


-^H-C,H t 


H.O 


C.H.CH—O 


V 


o—c=o 


/ 


o=c- 


Ge 

/♦V 


2H.O 


O—CH-C.H, 


H.O 




(ii) the acid produced by heating the first at 140°C 


C.H.CH -O O—H 

HO 0<^ Ge CO'OH 

/ \ I 

H—O O—CH-C.H, 


(iii) the compound produced at 200°C 


H.O 


C,H S CH—O O—C=0 


'/ 

ift 

/A\ 




i /A 

o=c—o I 


O-CHC.H. 


H.O 


C.H.CH- O 


oc-=o 


Ge 

o' O—CH C,H 5 


VARTAPtTiAN <9) has also prepared a crystalline germanomandelic acid and gives a 
formula for it based solely on a germanium determination No mention was made 
of any water of crystallization 

Since water is evolved at two different temperatures, it is probably that the two 
pairs of water molecules are linked indifferent ways, the first being only loosely bound, 
the second more firmly held. The indication is, therefore, that two molecules of water 
may be associated as water of crystallization or lattice water and two more may be 
co-ordinated to the central germanium atom or released by ring formation. The 
extent to which hydrogen bonding occurs cannot be deduced but it probably plays an 
important part in the structure of this acid. 

It will be noted that although a 1 1 3 complex is identified in aqueous solution, it is a 
1:2 complex acid which is isolated from solution. The following reaction occurs 
during crystallization • 


Ge 


O 

I 

o=c 


OH COOH 

O—CH C 6 H 5 

1 H.O 

C,H„ CH— 

1 

O 

Ge 

- C -. o 

0 


-H,0 * 


O 

-<tH-C a H 5 


/ 

O 

N o 


1 

O-C 

-CH C.H 6 


I C,H S CH OH CO OH 


One molecule of mandehc acid is split off to give a more stable complex containing 
two five-membered rings. 

Attempts to produce crystalline samples of other complex hydroxy acids of 
germanium have, with one exception, always given a crystalline complex acid con¬ 
taining the same number of moles Ge/acid as that found for the complex acid identified 
in solution. For example, the complex acids of germanium with both a-hydroxy- 
capryhc acid and benzilic acid contain 1 mole Ge/2 moles acid both m solution and 

M ?r ntl r he complexes with a * hydroxy ca P r ° ,c acid 

ch 8 (lh 2 ) 8 CH(UH)COOH, a-hydroxy heptyhc acid CH 3 (CH 2 ).CH(OH)COOH 
a-hydroxy decoic acid CH 3 (CH 2 ) 7 CH(OH)COOH and a-hydroxy lauric acid 

£ R Clark, Thesis, London (1960) 

E R Clark, Nature Lond 183, 536-7 (1959) 
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CH 3 (CH a ) # CH(OH)COOH have been’ prepared.* 14 ' In ail cases the complex acid 
identified in solution was found to contain the same ratio of moles Ge/acid as that in a- 
the crystalline material, i.e. 1 mole Ge/2 moles acid. 

Germanobromomandelic acid behaves in a similar way to germanomandelic add. 
Both acids dissolve in excess of water to give a strongly apid solution. Presumably 
hydrolysis occurs with the formation of the 1:3 complex and the parent acid, e.g. for. 
germanomandelic acid: 


-O O—CH‘C,H, 

V' 

C,H S CH —O \>- 


-C 

II 

o 


CO OH 




COOH 


-f 3H,0 


H—O O—CH C,H, 

\ / 

> Ge 

</ X o 

+ C.H.CHOHCOOH 
+ H t GeO, 

0-=C- 


Germanomandelic acid and germanobromomandelic acid are probably hexa-co- 
ordinated complexes of germanium, the two molecules of water being co-ordinated to 
the germanium atom and the other two being held as lattice water. The infra-red * 
spectra analysis of the mandeiic acid complexes of germanium and some of the other 
complex acids are being carried out and will be reported later. 
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A STUDY OF TRANSFERENCE AND SOLVATION 
PHENOMENA—VI t , 

HYDROCHLORIC ACID IN WATER AND WATfeR-ETHANOL 

SOLVENTS 

J. O. Wear, J. T. Curtis, Jr. and E. S. Amis 

Department of Chemistry, University of Arkansas, Fayetteville, Arkansas 

(Received 14 June 1961 , in revised form 16 August 1961) 

Abstract—Transference and solvation phenomena for the ions of hydrochloric acid in water, 99-7 
weight per cent ethanol, and water-ethanol solvents have been studied. The transference number of 
the cation as a function of acid concentration in water and m 99 7 weight per cent ethanol and as a 
function of solvent composition are presented graphically and discussed in relation to Grotthus and 
ordinary conduction of the hydrogen ion and in relation to relative solvation of hydrogen and chloride 
ions. The amount of solvent transferred from anode to cathode is also presented graphically and 
discussed in relation to the transference numbers of the ions 

Transport and solvation phenomena have been previously studied for the ions of 
silver perchlorate, uranyl chloride, and alkali chlorides in water, water-ethanol and 
ethanol. (1-8 > In this contribution to the series of investigations the transport and 
solvation phenomena of the ions of hydrochloric acid in water, water-ethanol, and 
ethanol have been observed, some solvation of hydrochloric acid is often referred to 
and also since the study of solvation has not been done thoroughly over a wide range 
of concentration in water, it seemed that a study of transport and solvation phenomena 
would be worth while. Also the work normally referred to is that of Buchb6ck, <4) 
which was done m 1906. It was thought that a study of solvation with respect to con¬ 
centration might give additional information on the solvation of the hydrogen ion. 

A Hittorf transference measurement with the use of an inert reference substance 
was the method chosen for the determination of the transport and solvation data. 
This is the same method used in the previous studies.* 1-81 

EXPERIMENTAL 

The hydrochloric acid was prepared by bubbling hydrogen chloride gas through either water or 
ethanol The hydrogen chloride gas was prepared in a generator from Fisher Certified Reagent sodium 
chloride and reagent sulfunc acid The absolute ethanol used was 99 7 weight per cent ethanol. The 
inert reference substance, a-Methyl-D-glucoside, was prepared by Nutritional Biochemical Corpora¬ 
tion The silver wire and all other chemicals were of reagent quality. 

The experimental procedure used was the same as used previously 1 ” 

TREATMENT OF DATA 

The symbols used in this paper are the same as were used in the lithium chloride 
study' 8 *. 

111 W. V. Childs and E. S. Amis, J. Inorg. Nud. Chem 16, 114 (1960). 

1,1 D. M Mathews, J O Wear and E. S. Amis, J. Inorg Nucl. Chem. 13, 298 (1960). 

1,1 J. O. Wear, C. V. McNully and E. S. Amis, J Inorg. Nucl Chem. 18,48 (1961). 

J. O. Wear, C. V. McNully and E. S. Amis, /. Inorg. Nucl. Chem. 19, 278 (1961). 

" ll J. O. Wear, C. V. McNully and E. S. Amis, J. Inorg. Nud. Chem. 20, 100 (1961). 

G. BuchbOck, Z. Phys Chem 55, 563 (1960). 
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Using methods already described' 1 - 8 ’ the Hittorf transference number of the anion 
and cation, respectively and the grammes of solvent transferred per faraday of elec¬ 
tricity were calculated using the following equations: 


, / pr 

P ‘ \ 

IF(100 — p, a ) A M 

(1) 

c '100 — p” 

‘ 100-/1,7 

100 


U = 1 - t c 


(2) 


9o 

1 

R 

3 

- 1 - 

-/. o) V 

r 

(3) 


80 



tQ— 2_i 




15 Q -r 



0 Single point 



* Average of two points 



0 Average of four points 

1 - • -■ 


25 50 75 100 

Mole* HCI par lOOOg of Solution 


125 


Fig 1 —Cation transference number plotted against moles HCI per 1000 g 
of solution in aqueous solution at 25°C 


50 



-50 


0 025 050 075 100 125 

Moles HCI per lOOOg of Solullon 

Fig 2.— Grammes of water transported from anode to cathode per faraday of electricity 
plotted against moles HCI per 1000 g of solution in aqueous solution at 25°C. 

In pure water, the moles of water transported per faraday could be calculated by 
dividing equation (3) by the molecular weight of water. In pure ethanol a similar 
calculation eould be made. This could not be done tn the case of mixed solvents since 
no molecular weight could be calculated for the solvent m the solvation sheath. 

In Table 1 are the data for Figs. 1 and 2. Figs. 1 and 2, respectively, give the cation 
transference numbers and grammes of water transferred per faraday from the anode 



A study of transference tuid solvation phenomena—Vt 


§5 


Table 1.—Hittort transference numbers and grammes of solvent transported from the anode 
TO THE cathode for HO solute in water ' 


Conc.HCl 
moles per 
1000j» of 
solution 

01014 

0-1014 

0 1542 

/ 

0-1983 

0-1983 

il 

i 

0-1988 

0-1988 

Bin 

13 243 

13 243 

— 

_ 

13 489 

12-434 

12-434 

a* 

13 246 

13 250 

— 

— 

13-491 

12-442 

12-436 

Ag, 

0-40203 

0-42053 

• 0-43093 

0 40106 

0-40522 

0-42530 

0-40557 

Ag, 

0 40293 

0 41947 

0 43120 

0-40006 

0-40411 

0-42557 

040520 

F X 10* 

3 731 

3 893 

3 996 

3 713 

3-751 

3 944 

3-758 

pT 

0 36960 

0 36960 

0 56214 

0-72311 

0-72311 

0-72482 

0/72482 

P‘> 

0-31439 

0-31337 

0-50413 

0-67024 

0 66897 

0.66758 

0-66758 

W 

206-8915 

211-7376 

208-7526 

209 3526 

208-5993 

210-1279 

202 7667 

t, 

0 835 

0 842 

0-836 

0 824 

0-831 

0-842 

0-853 

t„ 

0 165 

0 158 

0 164 

0 176 

0 169 

0-158 

0147 

d m 

1-00188 

1 00188 

— 

— 

1-00737 

1-00685 

100685 

A<Jh .» 

1 00157 

1 00159 

— 

— 

1-00730 

1 00654 

1-00658 

000 

16-4 

— 

— 

— 16-5 

19 7 

—82 

W.o 

000 

091 

— 

— 

-092 

1-09 

-045 

Cone HC1 

moles per 
1000 g of 
solution 

0 2975 

0 3579 0 

3579 

0 4002 

0 4981 

0-4981 



_ 

_ 

_ 

13 373 

— 

_. 

<*a 

— 

— 

— 

13 380 

— 

— 

Agi 

0 41228 

0 30402 

0 41330 

0-43055 

— 

0 33384 

Ag, 

0 41212 

0 30373 

0 41350 

0 43109 

0 31354 

0 33507 

F x 10“ 

3 821 

2817 

3-832 

3 993 

2 906 

3 100 

PT 

1 08469 

1 30487 

1 30487 

1 45914 

1 81615 

1-81615 

P‘, 

1 02963 

1 2649! 

1-24992 

1 40040 

1 77389 

1-77316 

W 

210 9046 

209 7328 

210 4253 

203 0965 

210-8287 

211 2487 

u 

0 843 

0 827 

0 824 

0 831 

0 856 

0-819 

Ui 

0 157 

0 173 

0176 

0169 

0 144 

0 181 

dm 

— 

— 

— 

1-0)087 

— 

— 

d. 

— 

— 

— 

1 01057 

— 

— 

^o£ o 

— 

— 

— 

114 

— 

— 



- 

— 

0 63 

— 

— 

Cone HC1 
moles per 
innn a nr 

0 7067 

0 7067 

0 7355 

0 9537 

1 2617 

1 2617 


solution 



— 

13 051 

— 

13 430 

— 

13-025 

a« 

— 

13 057 

— 

13-436 

— 

13-027 

Agi 

0 30059 

0 32731 

0 40148 

041741 

0 33270 

0-33596 

Ag, 

0 30085 

0 32742 

0 40165 

0 41875 

0 33219 

0-33504 

F x 10 s 

2 788 

3 034 

3 722 

3 875 

3-082 

3 110 

PT 

2 57666 

2-57666 

2 68174 

3 47746 

4-60009 

4-60009 

P‘, 

2 53470 

2 53291 

2-62986 

3-42404 

4 55914 

4-55812 

W 

210-8741 

211 0808 

211 1581 

213 4053 

2131040 

215-8061 

t , 

0-851 

0 809 

0-829 

0-836 

0 814 

0 837 

t. 

0 149 

0 191 

0-164 

0-164 

0-186 

0163 

d« 

_ 

1-01625 

— 

I 02073 

— 

1-02597 

d. 

— 

1-01625 

— 

102048 

— 

1 02556 
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to the cathode plotted against concentration of hydrochloric add in moles per 1000 g 
of solution. No significant dependence of the cation transference with HC1 concentra¬ 
tion is evident from data shown in Figs. 1 and 2. The lack of significant dependence 
of transference number on concentration agrees well with the existing literature. <7) 

The data of Fig. 1 can be easily explained in view of the data of Fig. 2. The data 
of Fig. 2 shows no change in solvation with change in concentration, therefore, the 
ions keep the same relative size and mobility. The data of Fig. 2 at first does not 
appear to agree with the existing theory that solvation is higher at lower concentra- 
' tion, ,# ’ but since most of the current is carried by hydrogen ions moving by Grotthus 

Table 2 —Hittorf transference numbers and grammes of solvent transported from the 
ANODE TO THE CATHODE FOR HC1 SOLUTE 


Weight 

percent 12-2 12 2 25 1 25 3 55 7 55 7 88 0 880 

Ethanol 


Cone HCI 
moles per 

1000 g of 0 1473 0 1473 0 1907 0 1907 0 1947 0 1947 0 2032 0 2032 

solution 


a*. 

12 453 

- 

0* 

12 469 

— 

Ag, 

0 40873 

0 38800 

Ag, 

0 41084 

0 38852 

F X 10* 

3 799 

3 599 

P, m 

0 53695 

0 53695 

A* 

0 47894 

0 48277 

W 

202 0591 

204 6821 


0 851 

0 850 

fa 

0 149 

0 (50 

<U 

1 01250 


d a 

1 01277 

_ 

Ac?r„, 

25 6 



12 921 

12 921 

6 534 

12 924 

12 923 

6 541 

0 31557 

0 32947 

0 32786 

0 31584 

0 32650 

0 32748 

2 926 

3 040 

3 037 

0 69515 

0 69515 

0 70991 

0 64480 

0 64173 

0 66313 

198 6533 

198 2695 

186 4152 

0 944 

0 962 

0 793 

0 056 

0 038 

0 207 

0 96020 

0 96020 

0 90688 

0 95930 

0 96003 

0 90652 

47 3 

20 2 

65 7 


0 534 

4 802 

4 802 

6 541 

4 815 

4 816 

0 33980 

031004 

031001 

0 33859 

0 31092 

031141 

3 144 

2 878 

2880 

0 70991 

0 74094 

0 74094 

0 66135 

0 69872 

0 69719 

189 2168 

170 0728 

170-4381 

0 807 

0 690 

0715 

0 193 

0 310 

0 285 

0 90688 

0 82603 

0 82603 

0 90661 

0 8 2581 

0 82590 

55 4 

147 9 

148 2 


type °° nductl0n > ^ change m solvation might not be s lg mficant enough to show in the 
case of he predominance of this type of conduction. This is because very little solvent 

solvent ym ° Vmg SmCC hy<3r ° Sen 10nS transferred b ? Gro «hus conduction convey no 

Another explanation of this independence of concentration might be that the 
hydrogen ion and chloride ion lose solvation at compensating rates w th change m 
concentration. Therefore, the net relative size would be the same and hence the 
transference number as well as the net solvation change would remain the same. 

In Table 2 are recorded the data plotted in Figs. 3 and 4. Figs. 3 and 4 resnec- 
vely, give the cation transference number and the grammes of solvent iran«nJL»H 

z.' e ,r d : 'i r •?“* per ^ - * *-£ 

about 0 19 mole hydrochloric acid per 1000 g of solution 

’ <S I iZSZT'S 2 n ”- a ~ * «"’■»)• 

1,1 *1- Uuch, Z. Phys. Chem. A 168, 141 (1934) 
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w*t«r~ethanol solvent with increase in ethanol with the consequent in flu e n o e oh 1m > 
transference number on the chloride ion while the Grotthus conduction ofthehydre- \ 
gen ion remains relatively unaffected. There is a maximum in the viscosity of water- 
ethanol mixtures between 40 and SO weight per cent ethanol which would indicate the ' 
actual maximum in Fig. 3 should be in the same region. If Grotthus conduction is 



Weight Per Cent Ethanol 

Fig 3 —Cation transference number at 0 7 weight per cent HC1 plotted 
against weight per cent ethanol in solvent at 25 °C 



Weight Per Cent Ethanol 

Fig. 4. —Calculated grams of solvent transferred from anode to cathode per faraday of 
electricity at 0 7 weight per cent HCI plotted against weight per cent ethanol in solution 

at 25"C. 

not affected very much out to 25 weight per cent ethanol, the chloride ion would be 
slowed down by this viscosity increase and make the mobility of the hydrogen ion 
relatively greater. 

Beyond 25 weight per cent ethanol, the decrease in Grotthus conduction and 
increase in solvation mass of the hydrogen ion (see Fig. 4) cause a decrease in the 
transference number of the hydrogen ion. Further decrease in the transference number 
of the hydrogen is brought about by a decrease in the viscosity of the mixture above 
45 weight per cent ethanol. This decrease is continued on out to 99-7 weight per cent 
ethanol. 
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The data of Fig. 4 indicates an increase in the mass of solvent carried by the hydro¬ 
gen ion up to 88 weight per cent ethanol. This is quite different from the sine-like 
curves previously obtained.'*-** From water to 25 weight per cent ethanol the increase 
is rather small so that it can be explained as an exchange, m those hydrogen ions 
moving normally and not by Grotthus conduction, of water in the hydrogen ion 
solvation sheath for ethanol. Next a decrease would be expected due to a similar 
exchange on the chloride ion, but instead a more rapid increase was found. This as 
well as the continual increase up to 88 weight per cent ethanol is probably due mostly 
to a decrease in Grotthus type conduction. This would let more solvated hydrogen 
ions move through the solution and consequently convey more solvent from anode to 
cathode. Replacement of water by ethanol in the solvent sheath of the normally 
moving hydrogen ions could play some part. 


Table 3_Hittorf transference numbers and grammes of solvent transported from the 

anode to the cathode for HCI solute in 99 7 weioht per cent ethanol_ 


Cone HCI 

moles per 0 1492 0 2919 0 2919 

1000 g of 

solution 


<*«. 

5 523 

_ 

— 

Ot. 

5 509 

— 

— 

Ag, 

0 31280 

0 32279 

0 31516 

Ag, 

0 31181 

0 32514 

0 31644 

F x 10 s 

2 895 

3 003 

3 927 

FT 

0 54384 

1 06423 

1 06423 

P ‘ 

0 50158 

1 02048 

1 02048 

w 

167 3488 

164 6062 

164 4874 

l r 

0 674 

0 665 

0 681 

K 

0 326 

0 335 

0 329 

d m 

0 79806 

— 

— 

d. 

0 79383 


— 

AGjitoH 

144 1 

— 

— 

AJVjtOH 

3 I 

— 

— 


0 3206 0 4561 0 5033 0 6413 


5 433 

5 521 

_ 

6 251 

5 445 

5 537 

— 

6 268 

0 40534 

0 41249 

0 39557 

0 41034 

0 40534 

041179 

0 39492 

041009 

3 757 

3 820 

3 664 

3 803 

1 16902 

1 66294 

1 83492 

2 33818 

1 11458 

1 60460 

1 77899 

2 27911 

166 6707 

168 8217 

166 6069 

167 5381 

0 670 

0719 

0 710 

0 730 

0 330 

0 281 

0 290 

0 270 

0 79952 

0 80602 

— 

0 803502 

0 79835 

0 80581 

— 

0 804267 

138 9 

1120 

— 

63 4 

30 

24 

— 

1 4 


The lack of any apparent change in solvation from 88 to 99-7 weight per cent 
ethanol is either because Grotthus conduction has completely disappeared and all 
water in the solvation sheaths have been replaced by ethanol (though the latter is 
unlikely) or the reference substance is being incorporated into the solvation sheath 
of the hydrogen ion. In the case of lithium chloride this last reason was assumed to 
be the case.' 31 

The data for Figs. 5 and 6 are recorded in Table 3 Figs. 5 and 6, respectively, 
give the cation transference and grammes of ethanol transported from anode to 
cathode per faraday plotted against moles of hyrochlonc acid per 1000 grammes of 
solution in 99-7 weight per cent ethanol Together the data of Figs 5 and 6 can be 
explained very well. 

From 0-15 to 0-32 mole hyrochlonc acid per 1000 grammes of solution there is no 
appreciable ’change in either transference number or solvation. This would be 
expected since a change in solvation would change the relative size of the solvated 
ions and therefore change the transference number. From 0-32 to 0-64 mole hydro¬ 
chloric acid per 1000 g of solution a smooth increase in cation transference number is 



( V , , k ’V./ ^ ^ 
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t A study of transference and solvation phenomena—VT 99 " ‘ 

observed as well as a smooth decrease in grams of solvent transported from anode to 
cathode. This indicates a decrease in relative solvation of the hydrogen ion and * 
therefore the hydrogen ion will be smaller relative to the chloride ion and therefore 
more mobile. ' 



0 20 040 060 

Motes HCt per 1000<j of Solution 


Fjg. 5 —Cation transference number plotted against moles HC1 per 1000 g of solution of 
99 7 weight per cent ethanol solution at 25°C 



0 20 040 060 

Moles HCI per lOOOg of Soiitiort 

Fig 6 —Grammes of ethanol transported from anode to cathode per faraday of 
electricity plotted against moles HCI per 1000 g of solution in 99 7 weight per cent ethanol 

solution at 25 °C 


ACCURACY AND PRECISION 

From comparing cation transference numbers at equal salt concentrations the 
average deviation is ±1*0 per cent which is well within the ± 2-0 per cent accuracy 
of the method. Not enough values of grams of solvent transferred at equal salt 
concentrations exist to determine precision, but a value of ±25 per cent on accuracy 
is probably a good value. 
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THE LITHIUM ALUMINIUM HYDRIDE-ETHYL 
ETHER SYSTEM AT 25° C*. 


S. C. Chattoraj, C. A. Hollingsworth, D. H. McDaniel and G. B. Smith 
Department of Chemistry, University of Pittsburgh, Pittsburgh 13 


(Received 19 June 1961; in revised form 4 August 1961) • 

Abstract—The vapour pressure-composition isotherm for the lithium aluminum hydride-ethyl ether 
system was determined at 2S°C using vacuum line techniques The vapour pressure of the solid-liquid 
region was determined as a function of the temperature, and these data give a value Qf 8170 cal/m for 
the heat of vaporization of ether from the two-phase system The possibility of a liquid compound 
LiAlH 4 -n(C,H.j) t O is discussed The solubility of lithium aluminum hydride in ethyl ether was found 
to be much greater than that reported in the literature 


INTRODUCTION 

The usual solvents for lithium aluminium hydride are diethyl ether, tetra hydrofuran, 
pyridine, dioxane and dimethyl ether of ethylene glycol. The object of the present 
study was to measure the vapour-pressures of solutions of lithium aluminium hydride 
in diethyl ethyl to determine whether or not a complex, as a well defined species, is 
formed. Search of the literature revealed reports of the existence of etherates of 
closely analogous compounds, namely, those of LiBH 4 , 11-31 LiBH 4 -2(CHa) s O, LiBH 4 - 
(CH a ) 2 0, (LiBH 4 ) 2 (CH 3 ) s O, LiBH 4 -(C 2 H 6 ) 2 0 and (LiBH 4 ) 2 -(C 2 H 6 ) s O. Wiberg, et 
al. {i) reported the existence of mono and dietherates of lithium aluminium hydride: 
LiA 1H 4 -2(C 2 H 6 ) 2 0 (in the temperature range —60°—25°C), LiAlH^fQHsjjO (in 
the temperature range — 15°C to a temperature somewhere below 40°C). However, 
it is not clear how Wiberg et at. established the molecular formula of these substances. 


RESULTS AND DISCUSSION 

Vapour-pressure-composition data at 24-95°C are given in Table 1. Composition 
is expressed in terms of the ratio of number of moles of ether in the solid or liquid 
phase to the number of moles of lithium aluminium hydride. These results check well 
with those of three other experiments at temperatures 25-00 ± 0-0rc, 24-95 ± 0-01°C 
and 24-71 ± 0-01 °C. The vapour-pressure-composition isotherms are shown in Fig. 1. 

The curve at 25°C may be interpreted as showing a saturation plateau of solid 
lithium aluminium hydride m contact with solution followed by the curve for the 
unsaturated solution According to the results of four experiments, the plateau 
intersects the unsaturated solution curve at between 1-14 and 1-35 for the mole ratio. 
The solubility of lithium aluminium hydride calculated from this mole ratio is about 

* This work was sponsored by the U S Army Research Office (Durham) 
ul H. I. Schlesinger, H C Brown, H R Hoekstra and L R Rapp,/ Amer Chem Soc. 7S, 199 (1953). 

G. W Schaeffer, T. L Koljki and D. L Ekstedt, /. Amer Chem. Soc 79, 5912 (1957). 

T L. Kolski, H. B. Moore, L, E Roth, K. J. Martin and G. W, Schaeffer, /. Amer. Chem. Soc. SB, 549 

(1958). 

E. Wiberg, H Noth and R Uson, Z Naturforsch 11 b, 488 (1956) 
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41 g per 100 g of diethyl ether and is much greater than the value, <4) (25-30 g per 100 g 
of ether) reported in the literature. 

Tabu 1 ,—Vapour-pressure isotherms for the lithium aluminium-diethyl 
Ether System at 24'95 ± O'Ol °C 


Mole ratio* 

Mole ratiof 

Vapour-pressure (mm.) 

3 19 

3 25 

495 7 

1 89 

1 92 

372'6 

1-65 

1-68 

299-3 

1 49 

1 51 

239 7 

1-38 

1-40 

199 9 

1 12 

114 

139 9 

0 89 

090 

140-0 

055 

0 56 

140-0 

0-20 

0 20 

139 9 

0003 

0003 

29-7 

000 

000 

0-0 


* Calculated from weight of sample and total weight of ether removed 
from the sample flask, 
t Calculated from aluminium analysis data 



Fig. 1.-Vapour-pressure-compos,tion isotherms for the lith.um aluminium hydnde-ethvl 

ether system. 1 


An alternative interpretation of Fig 1 is that the plateau represents lithium 
aluminium hydride and ether vapour in equilibrium with a hquid etherate of lithium 

aluminium hydride. The etherate would have to be completely miscible with ether to 
explain the ctyve. 

Some difficulty has been experienced in trying to establish precisely the mole ratio 
of ether to lithium aluminium hydride at the point B. Whether the very small amount 

N G GAYL0RD ’ Motion ""A Complex Meta! Hydrides, p. 11. Interscience, New York (1956). 
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of precipitate or cloudiness present in the sample (and which could not be avoided as . 
described in the experimental part) caused this variation is not known. 1 J 

If the value for the plateau point B were a small integer or the ratio of small whole 
numbers, this would support an interpretation of a simple stoichiometric complex. • 
Our values for the mole ratio (1-35-1-14) at the point B are not greatly different from 
the result (a 1:1 complex) which Wiberg et al. (i) reported. 

At 0°C the pressure-composition isotherm in the vicinity of plateau point B shows 
a break at virtually the same value for the mole ratio as at 25°C. This offers some 
support for a complex, although it could be explained by a low value for the differential 
heat of solution of lithium aluminium hydride in the saturated solution. 


Table 2 —Plateau vapour pressures at various temperatures 


t(°C) 

P( cm) 

Direction of approach 

rc 

P(cm) 

Direction of approach 

-23 6 

0952 

Cooling 

23 28 

12 818 

Cooling 

-23-6 

0 937 

Warming 

23 28 

12 826 

Warming 

0 07 

3 832 

Cooling 

29 88 

17 297 

Cooling 

004 

3 945 

Warming 

2988 

17-290 

Warming 

9 83 

6 5g 

Cooling 

42 74 

29 83 

Cooling 

9 84 

6 600 

Warming 

42 74 

29 83 

Warming 


The vapour-pressure of the plateau was determined at several temperatures 
(Table 2). The plot of log P vs. 1/7" is linear, and the slope gives A// vap = 8,170 cal/ 
mole. Using 6,220 cal/mole for the heat of vapourization of pure ether, and assuming 
that the ether vapour is an ideal gas, one obtains the following approximate values for 
the thermodynamic quantities associated with the mixing of one mole of liquid ether 
with sufficient solid hydride to obtain the saturated solution (or liquid etherate): 
A H = —1,950, A— 800 and AS ~ — 3 8e.u. This negative entropy change 
indicates a large amount of order in the solution This is consistent with, but not proof 
of, the proposition that the liquid is a compound of well defined composition 

EXPERIMENTAL 

Materials Lithium aluminium hydride was obtained from Metal Hydrides, Inc. Mallinckrodt 
diethyl ether was dried over sodium wire. 

Preparation of solution Lithium aluminium hydride was pulverized in an atmosphere of dry 
nitrogen A mixture of this lithium aluminium hydride and anhydrous diethyl ether was refluxed for 
6-8 hr under dry nitrogen The resulting solution was allowed to settle, filtered through a sintered 
glass filter stick under nitrogen pressure and then stored m a brown glass bottle fitted with a serum 
stopper and covered with wax This served as the stock solution 

In spite of precautions taken to keep moisture and carbon dioxide from the solution, the formation 
of a very small amount of cloudiness (insoluble material) in the solution could not be avoided. One 
difficulty is the high viscosity of concentrated solutions of lithium aluminium hydride m diethyl ether 
This causes filtering difficulties 

Introduction of the sample into the apparatus A known volume, about 5 ml of the stock solution, 
was transferred m a dry-box by means of an hypodermic syringe into a serum capped, tared, small 
(110 ml) sample flask containing 10-15 ml of dry ether and a glass enclosed magnetic stirrer The 
flask with the sample was weighed, the serum stopper was removed and the flask was quickly attached 
to the vacuum line apparatus, which had been previously flushed with dry nitrogen. The sample flask 
was then cooled in liquid nitrogen and the apparatus was degassed 

The general techniques are similar to these described in Sanderson's monograph.'*’ The apparatus 

'*’ R. T. Sanderson, Vacuum Manipulation of Volatile Compounds, 3 Wiley, New York (1948). 



JW S. C. Chattoraj, C. A. Houjnoswc*th, D. H. McDaniel arid G. B. Smith 

essentially consists of two volume-calibrated sections separated by a porous partition mercury valve. 
Each section was provided with a manometer. 

Determination of isotherms. After the apparatus had been degassed the system was isolated from 
the rest of the line by closing the proper stock valves and raising the mercury level in the left manometer. 
The sample flask thermostated at temperatures close to 25°C and in one experiment close to 0°C. 
When equilibrium wag attained the pressure reading on the manometer was measured by means of a 
cathetometer. 

Ether was transferred, a little at a time, to a standard bulb by opening the porous partition mercury 
valve. When the pressure in the standard bulb was within 2/3 of the vapour-pressure of pure ether, the 
ether in the standard bulb was transferred to an upper bulb 

From the volume, pressure and temperature data the number of moles of ether removed from the 
reaction flask and the number of moles of ether present in the gas phase m the sample flask were 
calculated assuming ideal gas laws 

When all the ether had been removed the residue of lithium aluminium hydride was taken out and 
allowed to stand exposed to the atmosphere for a day, during which time it underwent slow hydrolysis 
The residue was then dissolved in dilute hydrochloric acid and analysed for aluminium by the gravi¬ 
metric oxide method'’’ to determine the total amount of lithium aluminium hydride present m the 
sample. This analysis served as a check for the total amount of lithium aluminium hydride in the 
sample calculated from the weight of the sample and the total weight of ether removed from the re¬ 
action flask. 

All the necessary data thus having been obtained the composition was computed in terms of mole 
ratio of ether present in liquid or solid phase to the total lithium aluminium hydride in the sample 
corresponding to each equilibrium vapour-pressure reading of the system in the reaction flask 

Plateau vapour-pressure at various temperatures. The plateau vapour-pressures were determined 
by approaching each temperature from above (cooling) and also from below (warming) The average 
of the two vapour-pressures was used for calculating A/fvap 

A Vogel, Quantitative Inorganic Analysis, p 411 Longmans Green, New York (1951) 
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SOLUBILITY OF MAGNESIUM OXIDE 
IN MOLTEN SALTS 

R. L. Marti?* and J. B. WESTf ‘‘ 

(Received 2 March 1961; m revised form 24 August 1961) 

Abstract —The solubility of magnesium oxide in a variety of molten salts was determined by a 
visual method. Only mixtures containing cryolite or sodium metaphosphate were found to dissolve 
greater than 0'2 per cent of magnesium oxide 

The direct electrolysis of magnesium oxide offers attractive commercial possibilities 
for the production of magnesium, due to the availability of the magnesium oxide as a 
cheap raw material and its relatively low decomposition potential (Table 1). However, 
a successful commercial process using MgO has not been developed, partially because 


Table 1 —Theoretical decomposition potentials of magnesium oxide 

AND MAGNESIUM CHLORIDE 


Reaction 

Decomposition potential 
(V) 

Reference 

MgCl.diq ) - Mg(liq ) + Cl, 

2 50 @ 1000°K 

0) 

MgO - Mg + 1/2 0, 

2-45 <«$ 1000°K 

(2) 

MgO + C = Mg(liq ) + CO 

1 52 @ 1000°K 

(1) 


a suitable solvent for MgO has not been found. A number of investigations of the 
solubility of magnesium oxide in various melts are reported in the literature. However, 
many of the published values are not in agreement. The purpose of this work was to 
determine approximately the solubility of magnesium oxide in a variety of molten salt 
solvents. 

APPARATUS AND METHOD 

The Aluminum Laboratories Limited developed a method for determining the liquidus curves for 
the binary system cryolite-alumina" 1 which could be adapted to magnesium oxide-molten salt 
systems The method consisted of directing a beam of light through a clear melt of known cryolite- 
alumina composition and, as the melt cooled, observing with a telescope the first appearance of 
crystals. This method, with modifications, was used for the magnesium oxide solubility determina¬ 
tions reported herein 

1 Description of apparatus 

The molten solvent was contained in a 10 per cent rhodium-platinum crucible which fitted inside 
an electric crucible furnace (See Fig. 1). Dimensions of the furnace chamber were 3 in i.d. by 31 in. 
deep The furnace temperature was manually controlled to -L 10°F by means of a rheostat. The 
crucible was supported in the furnace by a silica triangle formed by three i in o d. by 2 in. silica rods. 
The platinum, 10 per cent rhodium-platinum thermocouple was maim protection tube, also of 10 
per cent rhodium-platinum, because of its greater rigidity A light beam from an arc lamp was 
directed into the molten solvent, and the melt was observed through a telescope with a magnification 
of 20 diameters 

• Research Department, Jersey Production Research Company, Tulsa, Oklahoma. 

t School of Chemical Engineering, Oklahoma State University, Stillwater, Oklahoma 

K. K. Kelley, U.S Bureau of Mines Technical Paper 676 (1945) 

G. Fuseya, and S Kunazo, J. Electrochem Assoc. (.Japan) 2, 76-81 (1934). Original not seen. 

Abstracted in Chem Abstr. 28, 3307 (1934). 

1,1 N. W. F. Phillips, R. H Singleton, and E, A. Holungshead J. Electrochem. Soc. 102,690-692 

(1955). 
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The apparatus also included a variable speed stirring motor, a Model 141P 0-1000°C, Wheelco 
pyrometer with automatic cold junction compensator that was calibrated for use With the above 
thermocouple, and a steel reflector for directing the light beam from the are lamp into the furnace. 


2. Method 

A 100 g sample of solvent was prepared and heated in the platinum crucible to a temperature at 
which a clear melt was obtained Then the hquidus temperature of the solvent was determined by 
slowly cooling the melt at a rate of approximately 1 °F per min while observing through the telescope 
the appearance of crystals The temperature at which the first crystals began to form was recorded as 
the hquidus temperature of the solvent Supersaturation was minimized by seeding the cooling melt 
with a few particles of magnesium oxide The melt was stirred gently and continuously during the 
Hquidus determination 



A small amount of magnesium oxide irom a weighed portion was added to the solvent The 
temperature of the melt was increased until the melt was again clear Then the melt was slowlv cooled 
and the Hquidus temperature of the system was determined in the same manner as the hquidus tem¬ 
perature of the solvent was determined Again supersaturation was minimized by seeding with a few 
particles of magnesium oxide A negligible amount of magnesium oxide was added during seeding 
The hquidus temperature and the magnesium oxide content of the system was recorded. Additional 
magnesium oxide was added and again the hquidus temperature determined Thus by repeating this 
procedure for each magnesium oxide addition a temperature-magnesium oxide solubility relationship 
was obtained for the desired temperature range. This range included the approximate temperatures 
from the hquidus temperature of the solvent to the temperature at which fuming occurred All 
hquidus temperatures were established by duplicate determinations 

The thermocouple was initially calibrated and regularly checked at the freezing point of reagent- 
grade sodium chloride which was taken to be 801°C The thermocouple calibration was also chikerf 
at the melting point of potassium chloride (776°C) and lithium chloride (613°C ) d 

The accuracy of the solubihty method and technique was checked by determining the solubility of 
aJumhuum ox.de in cryolite This system was chosen because the solubility of aluminium oxide m 
cryolite has been recently determined as 10 wt per cent at 963“C «*• Us.ng this method and technique 
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agreement with the published value was obtained. Reproducibility of the liquidus temperature was 
within ±5°C. 

With the exception of the cryolite, the solvent constituents and magnesium oxide used in the solu¬ 
bility determinations were anhydrous reagent-grade chemicals. The cryolite was taken from selected 
natural lump and had the following analysis as determined by Aluminum Laboratories Limited.'" 


Loss of ignition at 700°C. 

c* 

Si 

Ca 

Mg 

Pb 

K 

Li 

Freezing point 


013% 

0-006% « 
0-007% 

001 % 

Not detected 
0 - 01 % 

0-030% 

0-007% 

ioo9°c ± rc. 


RESULTS 

The results of this study are summarized in Tables 2 through 6. In these tables the 
solubility of magnesium oxide is often recorded as a maximum value. As an example, 
the solubility of magnesium oxide in the first listed solvent is recorded as “<0-05”, 
that is, the solubility lies between 0 and 0-05 wt per cent. More accurate determina¬ 
tions were not necessary for the purposes of this study because these solubilities were 
negligible. Any solvent dissolving less than 0-5 per cent magnesium oxide probably 
would not make a suitable electrolytic cell bath. 

It was found that magnesium oxide is appreciably soluble m molten mixtures of 
cryolite and sodium chloride. As a means of finding the optimum cryolite content, 
the solubilities of magnesium oxide in binary mixtures of cryolite and sodium chloride 
were determined as functions of composition and temperature. The solubilities are 
tabulated in Table 6. 


Table 2 —Solubility of magnesium oxide in pure halides 


Composition 
of solvent 

Wt(%) 

Liquidus temp 
of MgO free 
solvent 

CC) 

MgO 
solubility 
wt (%) 

Temp, at 
which MgO 
solubility 
was 

determined 

(°C) 

KF 

1000 

880 

<0 04 

890 

LiCl 

100 0 

615 

<0 05 

688 

NaCI 

100 0 

801 

<0 05 

900 

KCI 

1000 

774 

<0-05 

900 

MgClj 

100 0 

Hydrolysed with moisture in the atmosphere and 
resulting MgO was not miscible 

CaCl, 

1000 

772 

0 05 

870 

SrCh 

1000 

870 

<0 05 

900 

KBr 

100 0 

730 

<0 05 

890 

NaBr 

100 0 

745 

004 

780 


The workers of the United States Bureau of Mines have conducted extensive 
research into the solubilities of MgO in molten alkali and alkaline earth fluoride and 
chloride systems. The only systems in which appreciable solubilities were found were 
those of magnesium oxide in magnesium chloride containing boric oxide. Later work 
has indicated that these were not true solubilities but suspensions due to the dispersing 
action of the boric oxide. 

N W. F. Phillips, Arvida, Quebec, Canada. Private communication (1956). 
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Table 3.—Solubility of magnesium oxide in binary mixtures of pure halides 


Composition 
of solvent 

Wt(%) 

Liquidus temp, 
of MgO free 
solvent 

(°C) 

MgO 

solubility 

wt(%) 

Temp, at 
which MgO 
solubility 
was 

determined 

CO 

KF 

600 

768 

01-0 2 

870 

NaF 

400 




KF 

67 4 

740 

<01 

870 

NaF 

32 6 




KF 

74 1 

740 

0 1 

870 

NaF 

25 9 




NaF 

52 3 

830 

0 05 

935 

CaF, 

47 7 




NaF 

69 6 

960 

<0 05 

975 

MgF, 

30 4 



718 

LiCl 

66-5 

563 

<0 05 

NaC! 

33 5 




KC1 

560 

372 

<005 

678 

LiCl 

440 




MgF, 

53 0 

Solvent not completely miscible at 970“C 

LiF 

470 




CaCl, 

79 7 

603 

0 10 

853 

LiCl 

20 3 




CaCl, 

600 

499 

- 0 10 

850 

LiCl 

400 




CaCl, 

59 8 

845 

<005 

870 

KC1 

402 





Table 4 —Solubility of magnesium oxide in ternary and quaternary 
MIXTURES OF PURE HALIDES 


Composition 
of solvent 

Wt(“' 0 ) 

Liquidus temp 
of MgO free 
solvent 

CC> 

MgO 
solubility 
wt (%) 

Temp at 
which MgO 
solubility 
was 

determined 

°C 

BaF, 

50 0 

750 

0 05 

940 

NaF 

32 0 



- 

MgF, 

180 




BaF, 

600 

Solvent not completely miscible at 970°C 

CaF, 

16 4 




MgF, 

160 




NaF 

76 




CaCl, 

59 9 

499 

0 20 

850 

LiCl 

39 9 




NH 4 BF 4 

02* 




CaCl, 

59-95 

499 

0 10 

850 

LiCl 

39-95 




NH,BF, 

0 10* 




NaCl 

48 3 

670 

0 05 

890 

CaCl, 

483 




NH,F 

3-4t 




Cryolite 

60-0 

882 

3 16 

920 

NaF 

400 


4 20 

962 


* Fuming was noted, probably due to the decomposition of NH.BF, 
t Loss of some NH 4 F as the mixture was melted 
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Tabu 5.—Solubility of magnbhum oxide in binary and tsrma&y mixtures 

OF HALIDES WITH OTHER SUBSTANCES 


,-t—-- 

Composition 
of solvent 

wt/% 

Liquidus temp, 
of MgO free 
’solvent 

CO 

MgOti 
solubility 1 

wt (%) 

Temp, at 
which MgO 
solubility 
was 

determined 

CO 

CaCl, 

990 

772 

018 

870 

B.O, 

10 




CaCl, 

59 7 

845 

005 

870 

KC1 

40 1 



4 . 4 

B.O, 

02 




CaCl, 

59-6 

845 

005 

870 

KC1 

40-1 


010 

920 

B,0, 

0-2 




NH 4 BF 4 

0 1* 




MgF, 

70 2 

655 

20 

708 

NaPO, 

29-8 


3-9 

795 

KF 

99 9 

880 

004 

890 

KBF* 

01 





* Fuming was noted, probably here to the decomposition of NH4BF4 


Table 6—Solubility of magnesium oxide in mixtures 

OF CRYOLITE AND SODIUM CHLORIDE 


Cryolite 
wt (%) 

NaCI 
wt (%) 

MgO added 
to mixture 
wt(%) 

Liquidus temp, 
of mixture 

CC) 

80 0 

20 0 

0 

920 



294 

920 



340 

910 



3 85 

910 



4 30 

925 



4 77 

935 



5 20 

960 

700 

30 0 

0 

880 



2 37 

838 



2-94 

830 



400 

920 

68 5 

31 5 

0 

740 



0 52 

790 



1 05 

835 

600 

400 

0 

848 



2 56 

820 



3 15 

880 

500 

500 

0 

802 



0 94 

795 



1-25 

790 



1 95 
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The high solubilities reported by Beck,*** Grube, < 8> and Bauxitbanya* 7 * were not 
found in this study. Beck reported the solubility of magnesium oxide in a melt of 
60 per cent potassium fluoride and 40 per cent sodium fluoride to be 11*4 per cent at 
677°C. The Bureau of Mines researchers attempted to reproduce Beck’s work and 
found a solubility of only 0-5 per cent at 870°C. The solubility was found to be 0-1-0-2 
per cent during this study. 

Beck determined the solubility of magnesium oxide in the fluoride melt by use of 
blind cell liquidus determinations.* 5 * The blind cell liquidus determinations rely upon 
the precipitation of relatively large amounts of magnesium oxide at the liquidus 
temperature. The latent heat of this precipitation causes a point of inflexion on the 
time-cooling temperature curve which is taken as the liquidus temperature. In many 
systems the precipitation is slight at the liquidus temperature and heavy precipitation 
does not occur until the temperature has dropped considerably below the visually 
observed liquidus temperature. This could account for the unusually large value of 
11-4 per cent at 677°C reported by Beck. 

The solubility of 0-1-0-2 per cent magnesium oxide in the potassium fluoride- 
sodium fluoride-melt at 870°C is of the same order of magnitude as the value of 0- 5 per 
cent at 870°C reported by the Bureau of Mines. The Bureau of Mines’ value might 
have included some magnesium oxide in suspension which could account for the 
difference between the two values. Solubility values for magnesium oxide in other 
solvents investigated are in similar agreement with the Bureau of Mines’ work. 

Grube reported the solubility of magnesium oxide in a melt of 50 per cent barium 
fluoride, 32 per cent sodium fluoride, and 18 per cent magnesium fluoride to be 1 per 
cent at approximately 750°C. From this study, a solubility of less than 0-05 per cent 
is indicated. Bauxitbanya reported the solubility of magnesium oxide m a melt 
of 48-3 per cent sodium chloride, 48-3 per cent calcium chloride and 3-4 per cent 
ammonium fluoride to be 10 per cent. A maximum solubility of 0-05 per cent at 
890°C was found using the visual solubility method. 

Ilinskii and Antipine* 81 reported the solubility of magnesium oxide exceeded 
10 per cent in a eutectic of 53 percent magnesium fluoride and 47 percent lithium 
fluoride. The Bureau of Mines workers reported a solubility of only 0-4 per cent' 8 * 
when they attempted to reproduce this work. The magnesium fluoride-lithium 
fluoride eutectic was not completely miscible of 970°C, the maximum temperature 
obtainable with the furnace used in this work. 

It was assumed in the solubility determinations that magnesium oxide precipitated 
at the liquidus temperature. In the event that some of the solvent constituents 
precipitated at the liquidus temperature, the reported magnesium oxide solubilities 
would be less than the actual values. 

A possible source of error in the results would be compositional changes due to 
evaporation of the melt during the time period required to melt the solvent and to 

E Beck, Metallurgy, 5, 504 (1908) 

1,1 G. Grube, Z, Elecktrochem, Agnew, Physik Chem 33 , 481 - 487 ( 1927 ) Abstracted in Chem Abstr 

22, 732(1928). 

M Bauxitbanya, Hungarian Patent 135 408 (1949). Translated by R. M. Helmann, The John 

Crerar Library, Chicago (Aug 30, 1956) 

1,1 Unpublished U.S. Bureau of Mutes War Minerals Report (1943) 

1,1 K K. Kelley, K. P Mishchenko and A I Fenunov, J Applied Chem (U S S.R.) 19 363-370 

(1946). Abstracted in Chem Abstr 41, U40d. 

Unpublished U S. Bureau of Mines War Minerals Report (1943), 
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determine the magnesium oxide solubility. To minimize such error, the temperature 
of the system was held below the temperature at which fuming could be detected. 
Also, there could have been minor compositional changes in some of the melts due to 
reaction between constituents of the melt and the platinum crucible and/or the 
constituents of the atmosphere. 

Of the solvents investigated only those containing cryolite or sodium meta¬ 
phosphate (NaPOg) dissolved appreciable quantities of magnesium oxide. The others 
show little or no promise as solvents. A 60 per cent cryolite-40 per cent sodium 
chloride melt dissolved 3-15 per cent magnesium oxide at 880°C. The 60 per cent 
cryolite-40 per cent sodium fluoride melt dissolved 4-2 per cent magnesium oxide at 
962°C. A sodium metaphosphate-magnesium fluoride melt dissolved 4-8 percent 
magnesium oxide at 880°F. The maximum solubility in any of the remaining solvents 
was found to be 0-2 per cent. 
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YIELD RATIOS FOR THE ISOMERIC PAIR ia "Te, 

121 Te PRODUCED IN 141 Sb(<W a Te 
NUCLEAR' REACTION " , 

S. J. Nassiff, S. Abecasis and A. Mocqroa 

Comisi6n Nacional de Energia Atomica, Buenos Aires 
and 

Dto. de Fisica de la Universidad Nacional de la Plata, La Plata 
(.Received 6 July 1961) 

Abstract —The cross-section ratio for the isomeric pair m ”“Te, m Te produced in the m Sb(d,2/») lM Te 
nuclear reaction has been determined experimentally for deuterons from 9 up to 28 MeV. 

Nuclear reactions are usually considered as proceeding by intermediate formation 
of a compound nucleus at low energies, < 30 Mev. 

If energetically possible the nucleus emits one or more particles and generally 
the residual nucleus remains in an excited state from which it reaches the ground or 
isomeric state through a gamma cascade. 

At low energies of the nuclear projectile the spins of the target nucleus and of 
the isomers are the most important factors for determining the population ratio of 
the isomeric states The isomer whose spin is closest to the spin of the compound 
nucleus will be favoured. At higher energies, where the compound nucleus is produced 
with a wider spin range, this effect is not so remarkable 12 

The statistic theory suggests that the above mentioned ratio should approach 
the statistical weights ratio of the isomeric states.' 7,8 * 

In this work, the ratio of the yields of the isomeric pair Te 121m , 121 Te, formed in 
the 121 Sb(c/,2«) 121 Te nuclear reaction is studied as a function of the energy of the 
bombarding particle. 

EXPERIMENTAL 

a. Bombarding procedure 

Samples of antimony oxide were irradiated in the internal beam of the 180 cm synchrocyclotron 
of the C.N E.A. (Buenos Aires) with deuterons from 9 up to 28 MeV energy 

The experiment was performed using the stacked foil technique. The Sb t O, was slurried on silver 
foils of approximately 30 mg/cm 8 which wei then foldecP over and stacked together The deuteron 
energy on each sample of the stack was calculated from Rich and Madey range-energy curves ,,, 
The exposure was performed at the orbit corresponding to 28T MeV. The maximum spread of 
the beam was estimated to be ±12 MeV, for 28 1 MeV energy The modification of the curvature 
across the target was not enough to change the thickness of the absorber traversed by the particles 
Owing to the flux variations throughout the different thickness of the target the excitation function 
of each single isomer was not determined 

111 J. M Blatt and V. F Weisskopf, Theoretical Physics J. Wiley, New York (1952) 

<*' B. Linder and R James, Phys Rev. 114, 322 (1959). 

1,1 R. M Diamond, J W. Meadows and R. A. Sharp, Phys. Rev 102, 190 (1956). 

J R Huizenga and R. Vanderbosch, Phys. Rev. 120,1305 (1960). 

1,1 A C Pappas and R. A Sharp, J. Inorg. Nucl Chem. 10, 173 (1959). 

S. M. Bailey : A.E C U. U S Report UCRL 8710 (1959). 

E. SeorI and A. C. Helmholtz: Revs. Mod. Phys. 21, 271 (1949). 

IS » H. B. Levy. Ph. D. Thesis, Report UCRL 2305 (1953). 

M. Rich and R. Madey, Report UCRL 2301 (1954). 
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The stable isotopes for antimony are. m Sb (57-25 per cent) and >“Sb (42 75 per cent). On account 
of the different cross-sections for the (d,An) and (d,2n) reactions the “Te activity from “*Sb(d,4n) 
ia Tc reaction is negligible in regard to the J “Sb(d,2n) lll Te reaction activity. 

b. Chemical separation 

The irradiated antimony tn-oxide was dissolved in 6N HC1 and tellurium canter was added. After 
the reduction with HBr, metallic tellurium was precipitated with hydrazmehydrochlonde. 

The precipitate was dissolved and reprecipitated several times always using antimony as hold- 
back-camer. 

c Counting procedure 

The decay scheme 1101 of lsl Te is sketched in Fig. 1. 


Te' JI, "U54d) 



0 296 
0 214 

0 


Fig 1 — Disintegration scheme of ,sl "' /12, Te 


By measurement of the 0 214 and 0 575 MeV y-rays, the populations of the 154 and 17 days half- 
lives levels respectively can be determined 

The y-spectra were obtained with a 2 in x 2 in. Nal (Tl) scintillation counter coupled to a one 
channel pulse height analyser 

Fig. 2 shows as example the gamma spectrum of ,2Im/m Te corresponding to a 18-7 ± 0 3 MeV 
deuteron energy measured 72 days after irradiation Peaks corresponding to 0 575, 0 506, 0 214 and 
0-159 MeV energies are observable. The two first peaks correspond to radiation emitted in the ground 
level disintegration of the m Te, the 0 214 MeV ray to the de-excitation of the isomeric state and the 
0-159 MeV ray is from “Te produced in the 1,3 Sb(d,2n) 1!a Te reaction 

The areas under the 0 214 and 0-575 MeV photopeaks were integrated graphically Counting 
corrections and those corresponding to the disintegration scheme were made in order to calculate the 
relative intensities of the two levels under investigation 

RESULTS AND DISCUSSION 

The values of the cross section ratios for the excited [(11/2) -] and ground (£+) 
levels with contribution of the intermediate level (f -f), for different deuteron energies, 
are given in Table 1. 

The <r( 11/2)/ (ai + erg) (indicated as a m ja s ) represent an average of data obtained at 
different times from the end of irradiation. The listed errors are the deviation of 
the single values from the average 

In Fig. 3 the <r m l<J„ ratio is shown as a function of the deuteron energies. A slight 
increase in the population of the highest spin level is noticeable with growing deuteron 
energy. This is in agreement with earlier experimental work ia-8> , i.e. at low deuteron 
energies the states of the residual nucleus closest to the spin of the target nucleus are 
the most favoured 


,,0, D Strominger, J M Hollander and G. T. Seaborg, Revs. Mod Phys. 30, 585 (1958). 
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Fig. 2.—y-spectrum of 1,lm/1,1 Te corresponding to 18 7 MeV deuteron energy, measured 
72 days after the end of irradiation. 


Table 1. 


Deuteron energy 
(MeV) 


27 30 ± 0 1 

0*793 ± 0 087 

25 80 -I; 0 2 

0 747 ± 0 064 

24 20 ± 0 2 

0-653 ± 0 079 

22 80 Jr 0 2 

0 720 ± 0-093 

21 50 d- 0 1 

0 720 ± 0 060 

20 30 ± 0 1 

0-623 ± 0-024 

18 70 ±0 3 

0-653 ± 0 032 

16-60 ±02 

0 603 ± 0 009 

14 30 ±03 

0 560 ± 0-015 

11-70 ±03 

0 470 ± 0 025 

9 20 ± 0 2 

0 560 ± 0-095 



Fig. 3.—c„,/a, ratio as a function of the deuteron energies. 
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It is not possible to conclude if this ratio tends to the limit (21 „ 4- 1 ) 1 ( 21 , 4- 1 
.j_ 2I t 4- 1) <7,s, ! were I m , /„ and /,. are the spins of the metastable, ground and inter¬ 
mediate states respectively. 



Spin of compound nucleus 

Fio. 4.—Distribution of angular momentum in compound nuclei for deuteron energies 
of 10 90,15 11 and 17 80 MeV 


Assuming that every particle penetrating into the potential barrier is captured, 
the angular momentum distribution of the compound nucleus was calculated from: 


<r(J, E) = ■n}? 


1 4 8 J I .S' 

I 2 

t ■*!/-»[ 


2S+ 1 


where T t (E) is the barrier transmission coefficient of a particle with orbital angular 
momentum l and energy E. 

S is the spin entrance-channel 
J is the angular momentum of the compound nucleus. 

/ is the spin of the target nucleus. 
s is the spin of the deuteron. 
g(S) is the statistical weight for S. 

Fig. 4 shows such distribution for incident deuteron energies of 10-90 MeV, 
15-11 MeV and 17-84 MeV (in the centre-of-mass system). 

The trend.observed from the curves in Fig. 4 agrees with the experimental results 
sketched in Fig. 3. 
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RADIOCHEMICAL STUDIES OF ISOTOPES 
OF ANTIMONY AND TIN IN THE ,MASS 
REGION 127-130 
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Department of Chemistry, University of Oslo, Blindem, Norway 

and 

The Gustaf Werner Institute for Nuclear Chemistry, Uppsala, Sweden 
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Abstract—Rapid radiochemical methods based on isopropyl ether-hydrochloric acid extraction for 
separation of antimony from enriched tellurium targets, and on ethyl ether-ammonium thiocyanate 
extraction for separation of tin from fission product mixture were developed Antimony daughters 
were periodically milked from tin by stripping of the ether phase with ammonium thiocynate. 

The nuclides reported are 9 9 ± 0 5 mm ls " m Sb, 9 9 ± 0 5 hr 1,8 »Sb, 7T ±04 min 180 "'Sb, 
33 ± 2 min 1,0 »Sb, 4 6 ± 0 4 mm and 2 2 ± 0-2 hr l!7 Sn, 57 ± 4 mm 1,8 Sn, and 8 8 ± 0 6 min and 
1 0 ± 0 1 hr ,a *Sn 

Assignment of isomeric states in la, Sn and 11 ‘Sn cannot be made with present evidence. 

The principal groups of nuclear isomers appear just below the closed nucleon shells 
(50, 82, 126) where two levels of very different spin compete for the ground state. 
Thus the odd-neutron nuclei with less than 82 neutrons have low ground-state spins 
(si or d?f) and due to the proximity of the h( 11 /2) level, isomerism will be possible in 
the corresponding isotopes of tin and antimony as well as tellurium, iodine, xenon 
and cesium. 

The isomerism in isotopes of tellurium and heavier elements is well established. 
For isotopes of tin and antimony in the mass region 126-130, however, contradictory 
observations have been reported, not only where isomensm is concerned but also 
with respect to half-lives, genetic relationships and mass assignments. Isotopes of 
antimony in the mass region 131 to 134 have independently been studied by Cook ( 1> 
and by Pappas.' 2 - 31 Their results are in all aspects m full agreement. The isotopes of 
tin in the mass region 130 to 132 have only been studied by Pappas and Wiles.* 41 
Due to the short half-lives of these isotopes of tin and antimony, further informa¬ 
tion seems to be limited by the availability of rapid chemical methods for their 
isolation. This particularly refers to those nuclides that can only be produced through 
fission and spallation reactions. 

On the basis of experience gained through earlier work* 2 - 41 and during the investiga¬ 
tion of fission yields in this mass region,* 31 it was found fruitful to continue studies of 

* Present address: The Gustaf Werner Institute for Nuclear Chemistry, 
t Research Fellow, Royal Norwegian Council for Scientific and Industrial Research, 
t Permanent address: Department of Chemistiy, University of Oslo. 

111 G B Cook Report AERE C/R-729 (1951). 

A. C. Pappas Phys. Rev 81, 299 (1951). 

1,1 A. C. Pappas Report AECU-2806, MIT-LNS-63 (1953), (Inaugural Dissertation, University of 
Oslo). 

141 A. C. Pappas and D. R. Wiles J. Inorg. Nucl. Chem 2,69 (1956). 
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Isotopes of tin and antimony with mass number 127-130. Some of the results of the 
present work, the observation of isomerism in antimony-128 and antimony-130, have 
earlier been reported as personal communications to collectors of nuclear data' 8 - 8 ’ 71 
and also briefly described in reference (8). 


Previous studies of isotopes of antimony with mass number 127-130 

In 1951 Barnes and Freedman 19 ’ found 40 min and 9 hr antimony activities in a 
fission mixture but did not assign a mass number to the former. The 9 hr activity, 
however, was given mass number 126 from the observed change in the activity ratio 
9 hr Sb "Mo when going from thermal to 14 MeV neutron-induced fission of 
uranium. In the decay of the 9 hr activity, however, Fraenz et alS m were able to 
identify the y-ray from the first excited level in tellurium-128. Thus the 9 hr activity 
should be ascnbed to antimony-128. 

Isotopes of antimony with half-life of about 10 min, also with contradictory mass 
assignments, have been reported by different authors. Barnes and Freedman' 9 - 11 ’ 
proposed mass number 126 or 130 for a 10 min activity found in fission, and Pappas' 3 ’ 
reported a half-life of about 12 mm for an activity decaying to stable tellurium. Of 
the two possible mass assignments 128 and 130, the latter was suggested on the basis 
of fission yield measurements. During studies of short-lived isotopes of tin Pappas 
and Wiles' 4 ’ measured the half-life of antimony-130 m samples milked from fission- 
product tin and found it to be 9-2 min. 

An activity with a half-life of about 10 min and mass number 130 was also reported 
by Fraenz et o/.' U) Subsequently a study of the y-spectrum of the 10 min activity 
indicated, however, that the mass assignment should be changed to 128.' 10 ’ The latter 
assignment was supported by Winchester' 13 ’ as a result of a study of long-lived tin 
isotopes in fission and on the basis of measured fission yield of its mother nuclide, the 
57 mm tin. 

It appears that antimony activities with a half-life of about 10 mm cannot all be 
ascribed to either antimony-128 or antimony-130. Thus the picture seems highly 
complex and has not been improved by Bosch' 14 ’ who quite recently reported 330 min 
for the half-life of antimony- 130. 

This review has been concerned only with antimony isotopes of odd neutron 
number. These are the isotopes in which nuclear isomerism should occur, arrd this 
phenomenon might be responsible for the present confusion In the mass region 
concerned, the isotopes of even neutron number, i.e 93 hr 127 Sb, 4-6 hr 129 Sb and 
22 mm ^Sb, are all well known and no discrepancy has been reported. 


Ul D Strominoer, J M. Hollander and G. T Seaborg Table of Isotopes , Revs , Mod Phvs 30, 585, 
(1958) * y 

!!! W Sullivan Tnhnear Chart of Nuclides , USAEC, Washington 1957 and revisions 

K Way.G.Andersson.C H Fuller, N B Cove,J B. Marion, C. L McGinnis and M Yamada 
Nuclear Data Sheets, NAS-NRC, Washington (1958) and later 

A ‘ C Pa J?*£ Be ' tr Phys.Chem d 20 Jahrh L Meitner, O Hahn, M von Laue z. 80 Geburt- 
stag, p. 85, Fr. Vieweg, Braunschweig (1959). 

I w - Barnes and A. J Freedman Phys Rev 84, 365 (1951) 

I. Fraenz, J. Rodriquez and R Radicella Z Naturforsch . 11 a, 1037 (1956) 

J. W Barnes "Personal communication to C D Coryell (1953) quoted m Reference (3) 

I. Fraenz, J Rodriquez and H. Carminatti Z Naturforsch 10 a, 82 (1955) 1 ' 

11,1 J. Winchester Progress Report MIT-LNS, p 14, Aug. (1955) 

1141 H. Bosch Semi-annual Report UCRL-8867 p 40 (1958) 
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Previous studies on isotopes of tin with mass number 127-130 

Tin activities with 50 min and 1*5 hr half-lives were first reported by Barnes apd 
Freedman ' 91 who assigned to these activities the mass numbers 126 and 127 respectively 
by studying their antimony daughters. Frabnz et al. im found a tin activity with a 
half-life of 57 min and gave it mass number 130. Later (10) these authors ascribed this 
activity to tin-128, This was done by identification in the decay of its antimony 
daughter of the y-ray from the first excited state in tellurium-128. This assignment 
was also corroborated by Winchester ' 181 through fission-yield measurements. 
Carminatti et al. m report a half-life of 2-05 hr for tin-127 instead of 1-5 hr when 
produced by fast-neutron irradiation of tellurium. 

For 4-6 hr 12# Sb Pappas' 31 found a low fission yield, which could be explaincdif its 
tin parent has a relatively long half-life (minutes). This explanation was supported 
by Barnes' 111 who found indications that the half-life of tin-129 may be of the order 
of several minutes. 

The isotopes of tin with mass number 130 and higher have only been studied by 
Pappas and Wiles' 41 . They reported 2-6 min for the half-life of tin-130. 

As in the isotopes of antimony one should expect nuclear isomerism to be present 
in isotopes of odd number, but no isomerism has yet been reported beyond mass 
number 125. 

With the exception of a few experiments carried out at the Institute for Nuclear 
Research in Amsterdam in 1955, the experiments reported in this paper were per¬ 
formed at the authors’ institutions in different periods during the years 1955 to 1960. 

ISOTOPES OF ANTIMONY 

Experimental 

A fission-product mixture‘ s - 3 '*’"' l0,u ' ul or irradiated natural tellurium 1101 was used as the source 
for the nuclides of interest m the previous work, but these complicated systems should if possible be 
avoided The present study was therefore concentrated on inducing (n, p) reactions in highly enriched 
tellurium-128 and tellurium-130, reactions which give antimony-128 and antimony-130, respectively. 

The target were obtained from Oak Ridge National Laboratory Their isotopic analyses are 
given in Table 1. 

( n,p) reactions were induced in the targets by fast neutrons produced in the irradiation of beryl¬ 
lium with 21 MeV deuterons accelerated in the Amsterdam cyclotron. Interfering activities result 
from side reactions such as (n, 2 n), (n,pn) and (n, a) in the major constituents and moreover from 
these and («,/>) reactions in the isotopic impurities present in the targets 

Table 1 summarizes the reactions involved and shows which radioactive isotopes of tellurium, 
antimony and tin can be formed A radiochemical separation of antimony from the irradiated targets 
was therefore required 

In the chemically separated and purified samples one should expect antimony-128 or 130 (depending 
on which target is used) to be responsible for the mam activity. The low content of tellurium-126 m 
both targets would by the (n, p) reaction give antimony-126 m only very small amounts. The influence, 
however, of interfering activities arising from the presence of tellunum-128 in tellurium-130 and vice 
versa should be considered in the analysis of the decay curve of the isolated antimony. 

Cross-sections for the reactions where charged particles are emitted are not known for the actual 
target nuclei, but one would on the basis of the types of nuclides mvolved expect (n,p) reactions to be 
favoured Moreover, antimony-127 and antimony-129 formed by (n,pn) reactions have half-lives 
which are longer than those expected for the unknown isotopes of antimony. 

Thus, isotopes of antimony formed by (n, pn) reactions in the major target isotope and in addition 
by the ( n,p ) reaction in the minor constituent would merely be present as background activities when 
short irradiation times are used, (Cf, Table 1.) 

Chemical separation. The chemical isolation of antimony should be fast and give good decon¬ 
tamination, particularly from tin and tellurium. In addition a very good recovery of the costly target 
materials was required. 

,I51 H Carminatti, I. Fraenz, R. Radicella and J. Rodrigues Z. Naturforseh. 11 a, 419 (1956). 
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Previous radiochemical methods for antimony are based mostly on distillation, precipitation and 
Stibine generation, requiring 1-3 hr. 

Wilkinson and Grummtit' 1 ”, however, claim 80 per cent chemical yield for a 10-15 min stibine 
method, but the applicability of the method is rather strongly dependent on the experimental conditions. 

Pappas'” developed a still faster method which, however, often gives poor chemical yields. This 
method is based on previous work by Stanley and Glendenin' 171 and uses the extraction of 
antimony(V) chloride by isopropyl ether (IPE) Further work along this line was found worthwhile, 
and from this study the following method was developed. 


Table 1 —Nuclear reactions in tellurium targets 
Target Tellurium-128 



(»,P) 

(n, 2 h) 

(n,pn) 

(n, a) 

Major component: 

95 6 ±04% 138 Te 

128 Sb 

1S7 ”Te 105 days 
‘•’Te 9 4 hr 

IS7 Sb 93 hr 

18, Sn 9 5 mm 
m Sn 10 days 

Minor components:* 




3 0 ± 0 2% ,,0 Te 

130 Sb 

1!,ra Te 33 3 days 
"“»Te 72 min 

ls “Sb 4 6 hr 

1!7 Sn ~ 2 hr 

1 1 -Jt 0 2%”*Te 

133 Sb 

,,im Tc 58 days 

m Sb 2 0 years 

IM Sn 40 min 



13S «Te stable 

1M Sn 136 days 

Target tellurium-130 


(«, p) 

(n, 2n) 

C n,pn) 

(«,«) 

Major component 

95 6 fc 1 7%'»“Te 

l3 "Sb 

113 ”‘Te 33 3 days 
m »Te 72 mm 

'“Sb 4 6 hr 

,47 Sn ~ 2 hr 

Minor components-* 

3 8 4 0 7% 1M Te 

»*«Sb 

u, ”’Te 105 days 

ls, Sb 93 hr 

1>6 Sn 9 5 mm 



,a, 'Te 9 4 hr 


iat Sn 10 days 

0 3 1 0 2% ls, Tc 

1! "Sb 

lw ""Te 58 days 

l '“Sb 2 0 years 

1!S Sn 40 mm 



m “Te stable 

1I3 Sn 136 days 


* 1!0 Te, 1J, Te, '»Te, > M Te and m Te all <01 per cent 


After 10-30 mm irradiation the target is dissolved in hydrochloric acid and antimony(V) carrier 
added Tinfll) in excess is used to precipitate tellurium from the cold solution This was found 
superior to the use of sulphur dioxide or hydrazine The precipitate is later easily purified for repeated 
use as target material 

As shown by Edwards and Voigt'”" antimony(V) can be extracted from 6-9 N hydrochloric acid 
into IPE As the antimony earner after precipitation of tellurium is in the 4 3 oxidation state, an 
oxidation to the | 5 state must be performed Tellurate, ceric, and permanganate ions and chlorine 
and bromine were tried as oxidizing agents Bromine dissolved in benzene was found most suitable, 
especially as the IPE used in the extraction can be mixed with the benzene Thus oxidation and extrac¬ 
tion is performed in a single step The bromine colour also facilitates a rapid checking of complete 
oxidation or reduction m the different steps of the procedure 

There are also other advantages ot mixing the two organic solvents IPE is quite soluble in 9 N 
hydrochloric acid, and the separation of the two phases after the extraction is relatively slow Both 
effects are, however, counteracted by mixing the IPE with benzene This also makes it possible to use 
a very small volume of IPE Thus 1 ml IPE in 10 ml benzene is sufficient for the extraction of 2 mg 
antimony in the presence of 200-300 mg tin, the latter from the reduction step. ' 

For reduction and back-extraction of antimony, a solution of tm(Il) in 9 N hydrochloric acid was 
found superior to the hydrazine used previously The tin also acts as a holdback earner for 
possible tin activities In the case of a final precipitation of antimony as metal, part of the tin will be 
co-precipitated, but as samples were mostly counted in the liquid form, this was of no particular 
concern. r 

11,1 G Wilkinson and W E Grummitt Nucleonics 9, No 3,52 (1951) 

l7> 5.' ~ Stanle{ and L - E Glendenin Radiochemical Studies The Fission Products (Edited by 
C. D. Coryell and N Suoarman) NNES, Div IV, Vol 9, Papers 134 and 271, McGraw-Hill 
New York (1951). 

1181 F. C. Edwards and A. F. Voigt Anaiyt Chem 21, 1204 (1949). 
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The detailed procedure is given m the Appendix. 

Tracer tests showed that the decontamination factors with respect to tellurium and tin obtained 
by this procedure are 5 x 10* and 10* respectively. The chemical yield is 60-70 per cent and less than 
5 min is needed for the entire separation. 

Liquid samples were counted in a 20 th Century Electronics Ltd. type M6H liquid ^-counter, and 
solid samples using a Philips end-window Geiger-Muelier tube. 

i 

Results and discussion ' » 

Half-lives. The gross decay curves of the antimony samples resulting from the fast 
neutron irradiation of the tellurium-128 target showed half-lives of about 10 min, 
10 hr and a long-lived tail by a first analysis. The long-lived activity, present in low 



Fk.. 1 —Typical decay curve for antimony separated from bombarded tellurium-128. 
Curves (a) are gross curves corrected for the 3 Oper cent tellurium impurity in the target. 


abundance, was presumably due to the 93 hr 127 Sb formed by the (n,pn) reaction in 
the target. In order to correct for this, a growth-decay curve for the 93 hr m Sb-9-4 hr 
127 °Te pair was constructed on the basis of appropriate relative counting efficiencies, 
taking into account the branched decay of the 93 hr 127 Sb. The influence in this decay 
of the 105 days 127m Te is insignificant during the first days and was therefore neglected. 
This constructed curve was fitted to the tail of the decay curve as shown in Fig. 1 and 
subtracted. A minor correction for the presence of tellurium-130 in the target was 
next made by subtracting 3-0 per cent of the gross decay curve of antimony separated 
from a sample of tellurium-130 of equal weight irradiated for the same length of time. 
The resulting curve was then easily analysed into a 10-7 ± 0-5 mm and a 9-9 ± 0-5 hr 
activity (averages of three runs). The former half-life has also been determined in 
connection with the studies of tin isotopes reported in the latter part of this paper. 

A first analysis of the gross decay curve of antimony samples obtained from the 
fast neutron irradiation of the tellurium-130 target disclosed half-lives of 10 ^ min, 
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about 5 hr and in addition traces of a long-lived tail. The last two components were 
evidently due to the decay of the 4-6 hr 12 *Sb formed by the («, pn) reaction in tellurium- 
130. Corrections for the 129-chain and also for the activity formed by reactions in the 
3-8 per cent tellurium-128 in the target were performed in a way similar to that 
described for the antimony-128 decay curve. The final analysis of the antimony decay 
curves gave two components of 7-1 ± 0-4 min and 33 ± 2 min. 

The mass assignments of these four antimony activities follow in a straightforward 
manner from their production, i.e. 148 Te (n,p) 1S8 Sb and 130 Te (n,p) 130 Sb, and iso¬ 
merism is obviously present both in antimony-128 and in antimony-130. 

The half-lives found for the two states of antimony-128 are in full agreement with 
those independently observed by Fraenz et al. {m during the course of the present 
work, namely 10-3 min and 9-6 hr. These authors studied antimony from 30 MeV 
deuteron-mduced fission in natural uranium and from (d, a) reactions on natural 
tellurium. Their mass assignment is based on investigations of the y-spectra 
involved 110 ’ 191 and is supported by the results of the present work. 

The 10-7 mm and the 7-1 min isomers found in antimony-128 and 130 respectively 
show that the different mass assignments given to an activity of antimony with a half- 
life of about 10 mm are justified and that the contradictions were caused by the 
similarity in the half-lives involved. The 40 mm species observed by Barnes and 
Freedman* 9 ' in y-y coincidence measurements must have been the 33 min 130 Sb. 
Furthermore the 9-2 min,' 4 ' the 12 min 13 ' and the 10 min* 9 ' species observed in fission 
mixture are probably mixtures of the 7-1 mm 130 Sb and the 33 min 130 Sb with a large 
proportion of the former. 

No support is found in the present work for the 330 mm half-life recently reported 
by Bosch.* 14 ' 

Decay energies. The decay characteristics of the 10-7 mm m Sb and the 9-9 hr 
138 Sb have been studied by Barnes and Freedman* 9 ', Fraenz et a/.* 1319 ’ and also by 
the present authors. The measurements give 2-7-2-9 MeV and 1-0-1-5 MeV for the 
/^-energies of the short- and long-lived species respectively. Moreover, both species 
show y-energies of 0-32 MeV and 0-75 MeV in about equal relative intensities and in 
addition higher energies with low intensities The 0 75 MeV y has also been measured 
by Coulomb excitation in 128 Te, thus confirming the mass assignment. 

No direct study of the decay charactenstics of the 7-1 mm 130 Sb and the 33 min 
130 Sb is available. Assuming, however, that the absorption of lower energy fs relative 
to high energy /9’s was larger in the liquid samples than in the solid samples studied in 
the present work, the following qualitative information is obtained: E p (7-1 min) > 
E * (33 mm) > 1 MeV. 

Assignment of isomeric states. The decay curves (Fig. 1) do not provide inform¬ 
ation to decide which half-lives correspond to the isomeric states of antimony- 
128 and antimony-130. The observations on the energies suggest strongly, however, 
that there is a significant ^-branch from both isomers of mass numbers 128 and 130, 
and that the short-lived species m these pairs probably are the metastable states, while 
no information is available on eventual isomeric transitions. Therefore other 
approaches were tried. 

11,1 1. Frainz, J Rodrigues and R Radicella Proceedings of the Second International Conference 

on the Peaceful Uses of Atomic Energy , Geneva 1958, Vol, 14, p. 187, United Nations, Geneva 
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Preliminary experiments confirmed the observations by Bonner 1 * 9 ’ that isotopic 
exchange between the two oxidation states involved (+3 and +5) Is very slow. 
Therefore a very good isomer separation could be visualized if the antimony (originally 
present in the +5 state) were to change its oxidation state (to +3) as the result of a 
converted y-transition. This is known to occur in tellurium where a reduction from 
the +6 to the +4 state is the result of the internal conversion bf,the y-ray.’ 2l> 

Attempts were therefore made to separate chemically the two oxidation states of 
antimony-128 from a solution of antimony in the +5 state. First, antimony(V) was 
extracted with isopropyl ether and antimony(III) back-extracted with 8 M hydro¬ 
chloric acid at an appropriate time. Secondly, antimony(III) sulphide was precipitated 
in presence of hydrofluoric acid from a solution containing antimony(V). In this case 
about 10 per cent of antimony(Y) followed the antimony(III) sulfide. This was proved 
to be purely a co-precipitation phenomenon, and may explain the discrepancies which 
appear in two papers by Fraenz et a/.’ 10 - 12 ’ 

None of these approaches gave measureable activities in the antimony(III) 
fractions. This may indicate very low conversion of the y-rays involved or no isomeric 
transition, provided the transition does result in a change of oxidation state as is the 
case for tellurium. 

As experimental studies have not given any firm basis for isomeric state (level) 
assignments, an empirical approach was tried. 

It is known that the ground states of both antimony-122 and -124 have longer 
half-lives than the metastable states. <7) The Nuclear Data Sheets™ seem to prefer 
tentatively to assign the longer half-life in antimony-126 and m antimony-128 to the 
metastable state, while for antimony-130 the ground state is given the longer half- 
life. These assignments were considered in the context of the half-life systematics 
described below. 

In the case of same spin and parity the logarithm of the half-lives of even or odd 
mass numbered isotopes for a given element seems often to be a linear functidn of 
mass number as shown by different authors.’ 22 - 28 - 24 ’ Andersson' 24 ’ has worked out 
this method to give a simple systematics applicable to many series of alternate isotopes 
of the elements and indicated its usefulness in suggesting level assignments in certain 
cases of isomerism. Fig. 2 (24) shows the neutron-rich isomers of antimony which are 
of even mass number. For a given mass number these are found on two different 
curves depending on their half-lives (long or short). In the case of antimony-124 the 
60 day 124 Sb is well established as the ground state with level assignment 3-. (26) The 
relationships in Fig. 2 therefore suggest strongly that the spin and parity of the 6-2 day 
12 ®Sb, the 9-9 hr 128 Sb, and the 33 min 130 Sb is 3-. Therefore these nuclides may 
represent the corresponding ground states. These results are in accordance with the 
energy considerations given above. Little support seems to be left for the level 
assignments tentatively given m Nuclear Data Sheets™ for antimony-126 and -128. 


leo » N. A. Bonner J. Amer Chem. Soc 71, 3909 (1949). 

1811 R. R. Williams Radiochemical Studies The Fission Products (Edited by C. D Coryell and N. 

Sugarman) NNES, Div IV, Vol. 9, Paper 20, McGraw-Hill, New York (1951) 

,MI A. F. Stehney and G J Perlow Proceedings of the Second International Conference on the 
Peaceful Uses of Atomic Energy, Geneva 1958, Vol. 15, p. 348 United Nations, Geneva (1958). 
A. C. Pappas, G. Rudstam and A Svanheden To be published. 

,MI G. Andersson Nucl. Phys 24, 666 (1961) 

P. C B. Fernando, G K. Rochester and K. F Smith Phil. Mag. 5, 1309 (1960). 
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log TjjJsec) 



Fio 2LogT,/, versus mass number for neutron-rich isomers of antimony of even mass 
number. Reproduced with slight alterations from reference (2) 

ISOTOPES OF TIN 

Experimental 

The tin isotopes of interest are produced in fission or spallation reactions only and are preferably 
studied through their respective antimony daughters described m the previous part of this paper. The 
daughter milking technique offers a feasible approach to the study provided that the chemical pro¬ 
cedure for isolation of tin from fission mixture gives complete separation from antimony in a single 
step. The radiochemical purity of tin with respect to activities other than antimony, however, is a 
minor requirement This is because the half-lives involved allow time for further purification of the 
milked antimony 

Chemical separations During studies of short-lived isotopes of tin, Pappas and Wiles developed 
an extremely fast procedure for the isolation of fission-product tin in a pure state. This method, 
however, requires the uranium target to be m the 1-4 state, the chemical form of the target was 
pyndinium hexachloro uranate(lV) 

In order to avoid these difficulties a new procedure was developed on the basis of a study of the 
ethyl ether thiocyanate system According to Bock ( ‘ 51 tm(IV) will be extracted completely (more than 
99 9 per cent) by ethyl ether from 7 M ammonium thiocyanate solution 0 5 M in hydrochloric acid, 
while only 2 2 per cent of antimony(lll) is extracted Preliminary tracer tests also showed that only 
0'9 per cent of antimony(V) is extracted under these conditions 

The most important step in the entire procedure is the milking of antimony from tin as it is 
required that no tin be carried over with the antimony. If this should happen, however, the half-lives 
obtained would be too short Using the 118 day lls Sn as tracer*, two series of milking experiments 
were performed under conditions exactly like those to be used during the actual milking experiment 
Each series consisted of ten successive milkings In one case the ether phase after the end of the final 
milking contained 98 0 per cent and in the second case 99-2 per cent of the original total tin activity. 
These results support the high extractabiluy given by BocK' s< ' , . Thus the loss of tin m each milking 
can be neglected 

Tin was therefore isolated from a fission mixture using one extraction of tm(IV) thiocyanate into 

* Ample consideration was given to the presence of its daughter, the 1-7 hr u,m In 
,, ‘ l R. Bock Z. Anal. Chem. 113, 110 (1951) 
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ethyl ether. In some cases, however, one sulphide .precipitation proceeded this extraction. From the 
ether solution, antimony was milked at regular intervals and further purified by extraction with 
isopropyl ether as already described for separation of antimony from tellurium. The details of the 
procedure are given in the Appendix. 

Two series of experiments were performed, using thermal neutrons, 50 or 170 MeV protons to 
induce fission m the uranium targets. 

A. Tin was isolated about 1 hr after the end of the irradiation and antimony milked at 1 hr 
intervals (growth periods) m order to look for long-lived tin parents. Thfe antimony samples were 
purified immediately in order to include also the short-lived isomer of antimony-128 formed by decay 
of tin. 



Fig 3 —Typical decay curve for antimony milked from tin (Senes A) 

B Tin was isolated a few minutes after the end of the irradiation and antimony milked from the 
tin at regular short (5 min) intervals (growth periods). As the tin isotopes of interest were tin-127 and 
tm-129, the milked antimony samples were purified and counted when the 22 min l,1 Sb had decayed 

The relative chemical yields of antimony in the milked samples were determined either spectro- 
photometncally by the method of van Aman et al ,8,l or gravimetrically as antimony(III) sulphide. 

The antimony samples were counted in a standard counting arrangement using end-window 
proportional or Geiger-Mueller Tubes 

Results and discussion 

Half-lives. A typical gross decay curve of the antimony samples milked in series A 
experiments is shown if Fig. 3. It is possible to identify the presence of three antimony 
components in the samples i.e. 93 hr 127 Sb, 10 min 128m Sb and 4-6 hr 129 Sb. 

The gross decay curves of the different antimony samples milked in series B 

R. E. van Aman, F. D. Holubaugh and J. H. Kanzelmeyer Analyt. Chem. 31, 1783 (1959). 
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Fio. 4 —Typical decay curve for 1! *Sn (Series A). 
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experiments were similar to those observed in series A experiments. Due to the long 
decay, however, of the antimony before counting, the 10 min 188m Sb did not show up 
m series B samples. Otherwise the method of curve analysis used was the same as 
described above. 

The zero time activities of the different antimony isotopes present in the milked 
samples were corrected only for the chemical loss of antimony occurring during the 
purification of the samples. This can be ddne because of the complete separation of 
antimony from tin without loss of either in the milking step. 

The values so obtained are proportional to the disintegration rates of the respective 
tin parents at the beginning of the growth of antimony. <4) 

In the present investigation all growth periods in each run were of equal length. 
Thus by plotting the corrected zero-time activities as a function of time for the s$art 
of each growth period, the half-life of the corresponding tin parent is obtained in a 
straightforward manner. Four to eight milkings were performed from each tin stock 
solution giving the same number of points on each tin decay curve. 

The average values of the half-lives of 127 Sb and 129 Sb observed in the present work 
are 93 hr and 4-6 hr respectively, thus confirming previously published data.' 3 * 281 
Concerning 128m Sb, the average half-hfe measured in these milking experiments is 
somewhat shorter, i.e. 9-8 min, than the value obtained from irradiation of enriched 
tellurium samples. The average of all our experiments is 9-9 ± 0-5 min as compared 
to 10-3 ± 0-3 min given by Fraenz et al. (l2i The limits of error were estimated on 
the basis of a non-rigorous evaluation of the reliability of the data. The limits of errors 
as calculated from a statistical treatment of the data are smaller than the limits listed. 
The same applies for the limit of errors given for antimony-128 and antimony-130 
earlier in the paper. 

Typical decay curves of the tin isotopes having antimony daughters with mass 
numbers 128 and 129 are shown m Figs. 4 and 5 (corrected for chemical yield of 
antimony). The half-lives found in the various experiments are given in Tables 2, 3 
and 4. 

Milking experiments have the great advantage of immediately disclosing parent- 
daughter relationships. Since the mass numbers of the antimony daughters are well 
known, mass assignments of the tin isotopes can be made unambigously, i.e. both the 
4-6 min and 2-2 hr have mass number 127, the 57 min is 128 Sn, and both the 8-8 min 
and 10 hr have mass number 129. 

The 57 i 4 min half-life measured for 128 Sn is in full agreement with the previously 
reported value 57 ± 2 min. (12 - 13 > It is interesting to note that in samples of antimony 
milked from tin the 9-9 min 128m Sb was observed, but not the 9-9 hr 128l, Sb. This shows 
that m Sn mainly decays to the isomeric state of 128 Sb. Branching to the ground state 
of at most a few per cent is estimated on the basis of the milking experiments. Fraenz 
et al. m) found approximately 3 per cent. 

These experiments prove the existence of isomerism both in 137 Sn and 129 Sn as 
should be expected from their nuclear constitution. Only one state has previously 
been reported in 127 Sn with a half-life of 1-5 hr 19) to 2-05 ± 0-05 hr. tU) The present 
value 2-2 ± 0-2 hr confirms the latter. Tin-129 has not been reported previously. 

"" N. R. Sleight and W H. Sullivan Radiochemical Studies: The Fission Products (Edited by 

C. D. Coryell and N. Sugarman) NNES, Div. IV, Vol. 9, Paper 131. McGraw-Hill, New York 

(1951) 
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Table 2. —Half-life of tin-127 


Series A 


Senes B 


Run* 

Half-life (hr) 

Runt 

Half-life (min) 

1 

1 8 

1 

4-3 

2 

23 

2 

44 

3 

2'5 

3 

49 

4 

2-3 



5 

23 



Average 

2-2 ± 0 2 hr 

Average 

4-6 ± 04 mm 

* Runs 1-3 U(n,f) Run 4-5 U(170 MeV p.f). 


t Runs 1-3 U(170 MeV p.f) 




Table 3 —Half-life of tin-128 


Series A 


Run* 

Half-life (min) 



1 

57 



2 

58 



3 

60 



4 

54 



5 

54 



Average 

57 + 4 mm 



* Runs 1-3 U(»,/> 

Run 4 U(50 MeV p, f) 

Run 5 U(170 MeV p, f) 




Table 4 — Half-life of tin-129 


Series A 


Series B 


Run* 

Half-life (hr) 

Runf 

Half-life (mm) 

1 

1 0 

1 

8 5 

2 

1 1 

2 

8 3 

3 

08 

3 

9 3 

4 

09 

4 

90 

6 

1 0 



Average 

10 ± 0 1 

Average 

8 8 ± 0 6 


* Runs 1-3 V(n, /). Run 4 U(50 MeV p, f) Run 5 U(170 MeV p, f) 
t Runs 1-4 U(170 MeV p , /). 


Assignments of isomeric states. No data are yet available which allow conclusions 
to be drawn concerning metastable and ground-state assignments for the isomers 
found in 127 Sn and 129 Sn. The same difficulty applies to 121 Sn, ia3 Sn and 1Z8 Sn. 

Some observations made during the course of the present study will, however, be 
reported here as they might throw some light on this problem. 

1. In the experiments where the nuclides of interest were produced in fission of 
uranium induced by 170 MeV protons, the long-lived state in 127 Sn is much more 
abundant than the short-lived. The opposite is observed for the isomers of m Sn. 
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On the basis of previous studies of yields of isomers in fission induced by high energy 
protons*®*' 80 ', these observations might be taken to indicate that 2-2 hr liT Sn and 
8-8 min 12 *Sn are either both ground states or both isomeric states. 

2. The milking experiments disclose significant /2-decay both in the 4 6 min 127 Sn 
and the 8-8 min 129 Sn. If in addition a comparison with previously known isomers of 
tin isotopes is made, one would expect that the isomers concerned for a given mass are 
nuclides very close in energy and that both states decay by /2-emission only. 

3. The disintegration rate at saturation of a fission product is proportional to its 
fission yield. Therefore, the experiments described in this paper allowed an evaluation 
of relative fission yields of 129 Sn and the long-lived isomers of 127 Sn and m Sn in fission 
of uranium induced by thermal neutrons. Appropriate corrections were made of the 
counting rates observed and the fission yields obtained in duplicate measurements, 
relative to that of the 57 min 128 Sn are 0-32 and 0-20 for the 2-2 hr 127 Sn and the 1-0 hr 
I29 Sn, respectively. 

The yield-mass curve for fission of uranium induced by thermal neutrons and the 
charge-distribution curve valid for this process 181 - 321 can be used to obtain an estimate 
of the expected fission yield of both isomers together in 127 Sn and 129 Sn relative to the 
fission yield of 128 Sn. The values obtained are 0-4 and 2*1, respectively. 

A comparison between measured and estimated values seems to suggest a low 

Table 5.—Present knowledge of half-lives and genetic relationships 
for isotopes of tin and antimony in the mass region 127-130 


2 2 hr 12, Sn 
4 6 mm l2, Sn- 

57 mm I2 *Sn: 

8 8 mm 12 "Sn- 
1 0 hr 12, Sn- 

2 6 mm la “Sn= 


'- 95 % 


ij; 93 hr 

12, SbI 

► 99 min 

l28m Sb 

> 9 9 hr 

,2 *“Sb 



' 4 6 hr m Sb 


>50% 


► 7 1 mm 1S0 ’»Sb- 


<50% 


> 33 mm 1,0 'Sb- 


-► 

-► 


relative fission yield of the 4-6 mm 127 Sn and a high relative fission yield of the 8-8 min 
129 Sn. These results might be taken to support the conclusions already made con¬ 
cerning the occurrence of the nuclides involved among the products from fission of 
uranium induced by 170 MeV protons (paragraph 1 above), but no definite conclusion 
can be drawn. 

4. A plot similar to Fig. 2 does not give any decisive contribution to the present 
problem, and shows that this form of systematics is not always applicable.* 241 

Work is now in progress in attempting to improve the measurements of the fission 
yields of 127 Sn, 128 Sn, 129 Sn and of their antimony daughters in addition to a study of 
isomer yield ratios. 

<m I. B Haller and G. Andersson J. Inorg. Nucl. Chem. 20,12 (1961). 

(s| » E. Hagebb Unpublished data (1961). 

(,1) S. Katcoff Nucleonics 18, no. 11, 201 (1960). 

,,,) A. C. Pappas Proceedings of the International Conference on the Peaceful Uses of Atomic Energy, 
Geneva 1955, Vol 7, p. 19. United Nations, New York (1956). 



130 


E. Haoebb, A. Kjelberg and A. C. Pappas 


Iii the meantime Table 5 summarizes the present state of knowledge about the 
parts of the decay chains with mass numbers 127, 128, 129 and 130 which have been 
investigated in this paper. In this table no assignments are made concerning the 
isomers in ia, Sn and 18# Sn in accordance with the previous discussion. However, 
nuclides which are likely to be of similar character are placed in the same vertical 
order; that is, 2-2 hr 127 Sn and 8-8 min 12 *Sn are either both ground states or both 
isomeric states and vice versa for the pair 4-6 min m Sn and 1 -0 hr 129 Sn. 
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APPENDIX: RADIOCHEMICAL PROCEDURES 

Procedure 1 Separation of antimony from irradiated enriched tellurium 

1 Dissolve the target (TeO,) in 5 ml 9 N HC1 to which is added 2 mg Sb(V) carrier Add with 
vigorous stirring 2 5 ml SnCl, solution (100 mg Sn ++ per ml) per 100 mg target After about i min 
filter with suction through a Gooch, and wash twice with 2 ml 9 N HC1. 

2 Transfer the filtrate to a separatory funnel containing 10 ml C„H,, 1 0 ml IPE and also 0 1 ml 
Br, per 100 mg target. Shake the funnel for about 10 sec (Distinct brown colour of Br a should 
remain in the organic phase, showing complete oxidation) Discard the water phase and wash with 
1 ml 9 N HC1. 

3 Transfer the organic phase to a separatory funnel containing 5 ml 9 N HC1 and 1 0 ml SnCl a 
solution and shake (The organic phase should be colourlesss after the extraction, showing complete 
reduction). 

4 Transfer the water phase to a separatory funnel containing 10 ml C,H„ 1 0 ml IPE and 0 05 ml 
Br, (or as little as possible) and shake for 10 sec (Permanent brown colour) Discard the water 
phase and wash with 1 ml 9 N HC1. 

5. Transfer the organic phase to a separatory funnel containing 5 ml 9 N HCI and add dropwise 
a minimum amount of SnCJ a solution (0 5—1-0 rnl) Shake, and if necessary add SnCl a such that the 
organic phase just becomes colourless 

This solution can either be used for liquid ^-counting, or for preparing solid samples In the latter 
case: 

6 Add 2-3 mg Sb(III) carrier, heat the solution and add approx 15 ml boiling hot Cr a+ Solution 
Filter the solution and wash the precipitate carefully in boiling hot 9 N HCI, then with H a O, alcohol 
and ether. (Some metallic Sn is also precipitated.) 

Regeneration of tellurium target. The metallic tellurium precipitate in step 1 above is washed with 
hot water and dissolved in HN0 3 , heated to dryness and precipitated by N a H 4 2HC1 from hot dilute 
HCI. The precipitate is dissolved in HNO, and transformed to TeO a by heating, and the target 
material is ready for use for further irradiation 


Procedure 2. Separation of tin from fission-product mixture, and milking of antimony from tin 

I. Target: UO a (NO,) a 6H a O 

1. Dissolve the irradiated target in 10 ml 0 5 N HCI to which >s added 5 mg each of Sn(IV), 
Sb(III) and As(III) carriers. Precipitate the sulphides by H a S Centrifuge and discard the solution. 
Wash the precipitate by stirring with 5 ml 0 5 N HCI and centrifuge once more. 

2. Ada 2 ml hot 6 N HCI,-stir and filter by suction. Discard the As a S, precipitate. 

3. Dilute the solution to 25 ml by adding 7 M NH t SCN solution, and transfer it to a separatory 
funnel containing 25 ml ethyl ether. Shake for one minute, discard the water phase and shake the 
organic phase twice for 10 sec With 10 ml 7 M NH t SCN, 0-5 N in HCI and containing 5 mg SbQII) 
earner. 
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Zero time for growth of antimony from tin to be taken at the end of the last shaking period. 

4. Series A: Wait 1 hr. Series B: Wait 5 min. 

5. Add 10 ml 7 M NH 4 SCN solution, 0-5 N in HCl and containing 5 mg Sb(UI) carrier. Shake 
for 1 min. End of shaking is milking time. 

6. Add about 1 ml concentrated HF to the water phase and precipitate Sb s S, by H,S. Centri¬ 
fuge and discard the solution. Wash the precipitate with 0‘5 N HCl. 

7. Series A: Continue with step 8. Series B: Wait 5-6 hr, then continue with step 8. 

8 Dissolve the precipitate in 10 ml 8NHC1, boil rapidly to expel HA cool and shake in a 
sepai atory funnel about 30 sec with 11 isopropylether. benzene to which is added 3-5 drops of 
bromine. Discard the water phase, and wash the organic phase with 8 N HCl. 

9. Series A: Add 5 ml 8 N HCl containing about 50 mg SnCl* Series B Add 5 ml 8 N HCl and 
about 4 drops of saturated N,H 4 -2HC1 solution 

10. Shake vigorously until the Br a colour vanishes. Discard the organic phase. 

11 Dilute the water phase to about 20 ml, add about 1 ml concentrated HF and precipitate 
Sb,S. by H,S. 

12. Fdter the precipitate onto a small filter paper, and wash with water, alcohol and ether. 

13. Series A: Dry by suction, mount and count Series B Dry for 10 min at 110°C, weigh 
filter paper and precipitate, mount and count 

II. Target UO s 

1 Dissolve the irradiated target in 2 ml 6 N HCl containing 5 mg Sb(III) and 5 mg Sn(IV) carrier. 
Continue with step 3 in procedure 2 I above 
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THE CHEMICAL STATE OF CHLORINE-36 IN 
NEUTRON-IRRADIATED MINERALS! 

f |! 

C. W. Owens and F. S« Rowland * 

Department of Chemistry, University of Kansas, Lawrence 
(Received 24 August 1961) 

Abstract—The oxidation state assumed upon solution by “Cl formed by thermal neutron irradiation 
of chlorine-containing minerals was determined. Except for about 0-2 and 0 9 percent as CIO, - 
in carnallite and chlorapatite, respectively, all the “Ci radioactivity was found in the chlonde state. 
The “Cl radioactivity in the chloride state in carnallite and chlorapatite was reduoed by thermal 
annealing 

The discovery that cosmic ray produced secondary neutrons form ^Cl in barely 
detectable amounts in some terrestrial minerals* 11 has prompted an investigation into 
the possibilities of natural Szilard-Chalmers enrichment of the specific activity of ^CI, 
An appreciable percentage of the 38 C1 activity in an oxidation state other than that 
normally found for chlorine in a mineral would permit the development of carrier-free 
separations of the enriched 38 C1. However, as described below, the 3 ®C1 formed in 
irradiated chlorine-containing minerals by pile neutron irradiation is almost ex¬ 
clusively in the chloride form when the mineral is placed in solution. Since this is a 
common oxidation state for the stable chlorine isotopes in each mineral studied, very 
little isotopic enrichment can be obtained. Although about 0-2 per cent of the ^Cl 
formed in irradiated carnallite, and about 0-9 per cent of that formed in chlorapatite, 
was found in the C10 3 ~ fraction, the percentages are so small as to be useless for any 
enrichment purposes. 


Table 1 —Chlorine-containing minerals investigated 


Mineral 

Chlorine *(%) 

Origin 

Composition 

Carnallite 

39 

Spain 

KCl MgClj 6H a O 

Chlorapatite 

05 

Norway 

CaFCa 4 (P0 4 ), with Cl for 
some F 

Halite 

54 

Kansas 

NaCl 

Lazurite 

0 05 

Chile 

3NaAlSi0 4 Na,S 

with some NaCl and CaSO, 

Mimetite 

0 02 

Mexico 

9PbO'3As,O s PbCl, 

Nitratite 

14 

Chile 

NaNO, (with Cl~ and CIO, - ) 

Scapolite 

0 004 

Massachusetts 

Na 4 Al 8 Si,0, 4 Cl 
(with Ca 4 Al,Si 4 0„) 

Scapolite 

Socialite in 

Nepheline Syenite 

0004 

Quebec 

same as above 

1 0 

New Hampshire 

3NaAJSi0 4 NaCl 

Sylvite with Halite 

38 

Texas 

KCl with NaCl 


* By weight as determined by using “Cl activity for activation analysis measurement, 
t This research has been supported in part by A.E.C. Contract No, AT(ll-l)-407. 

!1> R. Davis, Jr. and 0. A. Schaeffer, BNL 340 (T-59) (1955). See also O. A. Schaeffer, S. O. 
Thompson, and N. L. Lark, J . Ceophys. Research 65, 4013 ( i 960 ). 
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EXPERIMENTAL 

Irradiation of minerals 

Ten chlorine-containing minerals and C P. sodium chloride were selected for the initial neutron 
irradiation. The halite sample was obtained from the Department of Geology of the University of 
Kansas, while the remainder of the minerals were obtained from Ward’s Natural Science Establish¬ 
ment, Inc., Rochester, N.Y The minerals are listed in Table 1, with their place of origin, usual 
chemical composition, and chlorine content The chlorine content was determined from the data in 
Table 2 using the “Cl activity as a basis for activation analysis measurement 


Table 2 —“Cl radioactivity in different oxidation states from “Cl (n, y ) in 

IRRADIATED MINERALS 


Sample 

Compound or 
mineral 

Aliquot 

size 

(mg) 

Solvent 

cpm/mg AgCl Precipitatef 

ci- CIO a " cio*- 

fraction fraction fraction 

mg NaCl 
carrier 

(a) Irradiated for 10 days at 1 

5 > 10 la 

neutrons cm-* sec 

-1 



NaCl (CP) 

7 49 

H,0 

76 6 4- 1 4 

0 02 ± 0 04 

0 03 + 0 05 

122 

Camailite 

20-3 

h 2 o 

123 ± 2 

0 33 f 0 02 

0 02 ± 0 01 

126 

Carnalhte 

84 4 

H a O 

416 ± 7 5 

1 32 J 0 04 

0 04 + 0 06 

118 

Chlorapatitcf 

79 3 

cone 

6 46 ± 0 12 

0 06 > 0 01 

0 04 ± 0 04 

121 



HNO a 





Halite 

3 88 

h 2 o 

24 7 ± 0 5 

0 01 ± 0 02 

0 00 ; 0 02 

182 

Lazurite 

242 

dilute 

2 06 ±004 

-01 ±02 

001 ±0 02 

118* 



HCI 




Mimetite 

680 

cone 

2 38 J 0 04 

-0 01 L-0 01 

0 00 t 0 04 

131 



HNOa 





Nitratitef 

28 4 

H 2 0 

53 2 t 1 0 

0 01 ± 0 02 

-0 01 -,- 0 02 

121 

Scapolite (Mass ) 

464 

cone 

0 33 + 0 02 

0 00 i 0 01 

-0 01 ±0 04 

122 



HNOa 





Scapolite (Que ) 

653 

cone 

0 50 ± 0 02 - 

0 02 c 0 02 

0 00 4- 0 05 

116 



HNOa 





Sodalite 

105 

dilute 

19 4 + 04 

0 03 ± 0 03 

0 00 , 0 02 

118* 



HCI 





Sylvite 

22 6 

h 2 o 

148 i 3 

0 01 ±0 02 

0 02 ± 0 03 

113 

(b) Irradiated for 10 

days at 0 5 / 10 u 

neutrons cm - - sec 

-1 



KC10 4 (C.P.) 

86 5 

h 2 o 

1 90 ± 0 04 

0 38 4 0 03 

0 06 ± 0 01 

T22 . 

NaC10 a (C P.) 

142 

h 2 o 

4 38 4 0 08 

0 40 ± 0 01 

0 00 j- 0 01 

125 

Carnalhte 

109 

h 2 o 

3 11 ± 0 06 

0 13 ± 001 

0 00 + 001 

119 

Lazurite 

452 

dilute 

0 20 i 0 01 

0 00 t 0 01 

000 tool 

117* 



HCI 





Nitratite 

186 

H s O 

2 10 10 04 

0 00 - 0 01 

000 ± 001 

117 

Sodalite 

379 

dilute 

0 39 ± 0 01 

0 00 ± O Oi 

OOO ± 001 

117* 



HCI 



(c) Irradiated for 10 days at 1 S 

10 13 neutron cm- 3 sec -1 

and annealed 14 days at 200 ± 5 C 

Carnalhte f 
Chlorapatitet 

691 

111 

h 2 o 

cone 

HNOj 

34 1 ±10 

2 50 ± 0 08 

0 00 ± 0 02 

0 02 ± 0 01 

0 00 ± 0 02 

0 00 ± 0 02 

125 

131 


* NaCl equivalent, actually added as HCi 

t The assigned error is the statistical counting error, or ± 1 8 per cent, whichever is greater The 
efficimcy in (b) is 34 per cent, in (a) and (c), 18 per cent, except for samples marked with t for which 
the efficiency was 14 per cent (Plexiglas backing). 
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Before irradiation, the minerals were crushed into medium fine powders and individually wrapped 
in ahimininm foil. Several grammes of each were then irradiated in the Brookhaven reactor at a flux 
of 1-5 x iO 1 ’ neutrons cm'* sec* 1 , for a period of ten days. After irradiation, the samples were 
allowed to decay for several months, ana then transferred to weighing bottles and stored in a 
desiccator. Those samples with a large chlorine content showed appreciable discoloration from 
radiation damage. 

Additional samples of some of the minerals, as well as C.P. sodium chlorate and potassium 
perchlorate, were subsequently irradiated for ten days at a flux of approximately 0-5 x 10“ neutrons 
cm - * sec -1 , in the Argonne CP-5 reactor. These minerals samples showed slight discoloration from 
irradiation, the sodium chlorate and potassium perchlorate developing a light amber colour. 

Separation of oxidation states 

A portion of each irradiated sample was dissolved in the mildest solvent thought to be capable 
of taking the chlorine containing compounds into solution, as shown in Table 2. The solution was 
then filtered and mixed with a earner solution containing approximately 0 002 mole each of the 
sodium salts of Cl", CIO," and CIO," No NaCl was added for the samples dissolved in dilute HQ. 
For samples dissolved m acid, the titrate was neutralized with 6M NaOH prior to the addition of the 
earner solution. 

Silver chloride was precipitated from the sample plus carrier solution through the addition of an 
excess of 0-5 M AgNO, solution, after being made slightly acid with HNO, This silver chloride 
precipitate was filtered and set aside for purification. More NaCl was added to the filtrate, and this 
additional AgCl was filtered and discarded, msunng removal of the *'CI in the Cl" state. 

Sulphur dioxide was then bubbled through the filtrate for several minutes, reducing CIO," to 
Cl", without chemically affecting CIO,". Again, AgCl was precipitated through the addition of excess 
0 5 M AgNO, solution, filtered, and set aside for purification 

The CIO," fraction was isolated by two separate methods. Originally, the filtrate containing the 
CIO," carrier was evaporated to a volume of 50 ml, filtered to remove residue, and then further 
evaporated to about 10 ml. A solution containing 1 gramme of KNO, in 3 ml water was then added 
to the evaporated solution, and cooled slowly to room temperature, and then to 0°C The crystallized 
KCIO, was filtered on glass fibre filter paper, dried at 100°C for 10 mm, and, in a test tube over a 
burner, decomposed to KC1 and oxygen The residue was dissolved, filtered, acidified with nitric acid, 
and AgCl was precipitated with excess 0 5 M AgNO, solution 

Later, a second procedure was developed for the CIO," fraction. After the filtrate from the 
chlorate separation was freed from silver ions by standing overnight in ammoniacal solution over mag¬ 
nesium turnings, the perchlorate was precipitated by the addition of tetraphenyl arsonmm chloride 
The tetraphenyl arsonmm perchlorate was filtered, dried at 100°C and then reduced to Cl" by a method 
similar to that suggested by Crump and Johnson" 11 . The dry precipitate was placed m a flame- 
igmtion Parr bomb with an excess of sodium peroxide and the two solids were thoroughly mixed by 
shaking the closed bomb The mixture was ignited by heating with a Fischer burner, the heating being 
stopped when a few ml of water in the recess of the head of the bomb began to boil After cooling 
the residue was dissolved, filtered, and the filtrate acidified. Again, a precipitate of AgCl was obtained 
upon the addition of excess 0 5 M AgNO, solution. 

Radiochemical purification 

The silver chloride precipitates from the chloride and chlorate fractions were dissolved m 6 M 
aqueous ammonia and the diammine silver ions were then reduced to metallic silver through the 
addition of purified magnesium turnings. After standing overnight, the solution was filtered, added 
to an excess of concentrated sulphuric acid, and distilled The distillate contained primarily the 
HCl-water azeotrope but could also have carried the HF-, HBr-, and Hl-water azeotropes, if present. 
Silver chloride was then precipitated in acidic solution and dissolved in ammoniacal solution until 
constant radioactivity was obtained, 

The silver chloride precipitate from the CIO," fraction was dissolved in 6 M aqueous ammonia, 
and reprecipitated in acidic solution until constant radioactivity was obtained. 

Radiochemical assay 

Aliquots of purified ammoniacal sample solutions were acidified and collected on weighed glass 
fibre filter paper. The precipitates were washed with three separate 20 ml portions of absolute ethanol, 
dried for 10 min at 100°C, weighed, mounted on aluminium or Plexiglas disks, and covered with 
cellophane tape. The radioactivity of the samples irradiated at the higher flux was determined with 
an end-window Geiger counter. The measurements on the samples irradiated at the lower flux were 

111 L. Crump and C Johnson, Analyt. Chem. 27, 1007-8 (1955). 
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carried out on a 2 m. diameter low-level Geiger counter with a background of 1-0 counts/min, 
produced by Sharp Laboratories, Inc., La Jolla, California. The Plexiglas backings gave a lower 
background count than the available aluminium disks. 

Corrections of the experimentally determined count rates were made to the activity expected for a 
precipitate of thickness 11-0 mg/cm 8 . The precipitate thicknesses varied from 1-17 to 28-9 mg/cm 2 , 
for which the empirically determined thickness correction was never larger than 16 per cent. The 
correction factors are precise to 1'8 per cent. The standard area of the Cl - and CIO, - precipitates 
was 2-27 cm s , while that of the perchlorate precipitates was 3-30 cm 8 The efficiency of the regular 
end-window Geiger counter is approximately 18 per cent, while the low-level Geiger counter has an 
efficiency under our conditions of approximately 34 per cent The diminution in observed count 
rates through aluminium absorbers was consistent in each case with the 0 7 MeV. /3-ray of 88 C1. 

Annealing studies 

Possible effects of thermal annealing on the relative radioactivity in the chloride, chlorate, and 
perchlorate fractions were investigated by holding the irradiated samples of camallite and chlorapatite 
at 200 ± 5"C for a period of two weeks The samples were then dissolved and assayed in the normal 
manner. 

RESULTS AND DISCUSSION 

The 36 Cl activity found in each of the three chlorine oxidation states is shown in 
Table 2. The oxidation state, of course, is that found after solution of the irradiated 
crystals and does not necessarily imply the oxidation state of the radioactivity prior 
to solution. The chloride fraction includes through rapid isotopic exchange all “Cl 
in the solution in an oxidation state lower than + 5. The listed count rates are the 
averages of those considered constant for the given fraction. 

No “Cl radioactivity is found in the oxidized states from any of the minerals 
except for approximately 0-2 and 0-9 per cent of the total radioactivity as C10 3 "", in 
carnallite and chlorapatite, respectively Although the percentage in the C10 3 
fraction from carnallite is very small, it is reproducible and independent of irradiation 
time in the range studied, as shown in Table 3 No significant C10 4 _ radioactivity 
was found in any of the minerals. 

Thermal annealing of the carnallite and chlorapatite samples reduced the already 
small percentages of “Cl found as C10 3 _ , as shown in Table 3. The radiation damage 
discolouration disappeared during the thermal annealing, and the samples resumed 
their original appearance. 

Irradiated minerals are not very satisfactory matrices in which to study the actual 
“hot” atom reactions occurring for the “Cl atoms, but the observation of chloride as 
the predominant oxidation state is consistent with those made for other chlorine 
isotopes in various inorganic compounds. The radioactivity distribution obtained for 
NaCIOj and KC10 4 is shown in Table 4, together with several distributions obtained 


Table 3 — 80 C1 as CIO, - in irradiated carnallite and chlorapatite 


Mineral 

Irradiation time 

(mg) 

sample 

(mg) NaC10 s 
carrier 

. cpo 3 -(%) 

Camallite 

10 days at 1 5 x 10 18 n cm -8 sec -1 

20-3 

218 

0 23 3- 0 02 

Carnallite 

10 days at 1 5 x 10 18 n cm -1 sec -1 

84 4 

228 

0 23 ± 0 02 

Camallite 

10 days at 0 5 x 10 11 n cm -1 sec -1 

109 

209 

0 24 + 002 

Camallite 

10 days at 1-5 y I0 18 n cm -8 sec -1 
Annealed 14 days at 200 4- 5°C 

6 91 

251 

0 00 ± 0 03 

Chlorapatite 

10 days at 1-5 X 10 18 n cm -8 sec -1 

79 3 

217 

0-9 ± 0 2 

Chlorapatite 

10 days at 1 5 x 10 18 n cm -8 sec -1 
Annealed 14 days at 200 ± 5°C 

111 

218 

06 + 03 
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previously by other experimenters. The NaC10 s results are quite consistent with 
those obtained by Sharman and McCallum, whose sample had an even heavier 
neutron and y-ray exposure than ours. 


Table 4 — Oxidation states of chlorine isotopes in irradiated compounds 


Compound 


Activity in oxidation state ,i 

Reference 


ci- 

CIO," 

cio 4 - 

KIO, 

41 K (*, a) 88 C1 

“Practically All” 

<1% 


(6) 

NaCIO, 

“Cl (n, y) 80 C1 

86 5 ± 30% 

127 ±0 3% 

0 5 ±0 05% 

(3) 

NaCIO, 

85 C1 (y, n) 84 C1 

—90%t 

4— 

S'? 

o 

1 

0 

(4) 

Na,SO, 

84 S {p, n) 84 C1 

13743 ± 115 cpm 

22 ± 3* cpm 

40 ± 3 cpm 

(7) 

KjSjOg 

si S[p, n) “Cl 

1047 ± 24 cpm 

0 ± 2* cpm 

9 ± 2 cpm 

(7) 

1 0 M NaCIO 3 

8, C1 (n, y) 88 C1 

100 ±2% 

— 

— 

(8) 

10 M NaCIO, 

8, C1 (it, y) 88 C1 

100 ± 10% 

0± 10% 

— 

(8) 

NaCIO* 

88 CJ (n, y) 88 C1 

87 6 fcO 4% 

12 4 ± 0 4% 

0 0 ±0-3% 

This work. 

KCIO, 

86 C1 («, y) 88 C1 

79 9 ± 1 5% 

179 ± 1 3% 

2 2 ±0-4% 

This work. 


* Reported as chlorine having oxidation state zero to +5. 

t Experiments were conducted over a range of conditions, these values are representative 

181 L J. Sharman and K J McCallum, J Chem. Phys 23, 597 (1955) 

141 K J McCallum and O G. Holmes, Canad J Chem 29, 691 (1951). 

151 O. D’Agostino, Gazz. Chim ltd. 65, 1071 (1935). 

M. Vlatkovic and A. H. W Aten, Jr., J lnorg Nucl. Chem 13, 331-2 (1960). 

171 D. Meier and C. Garner, J Chem. Phys 17, 1344 (1949). 

,8 'W F. Libby, J Amer Chem Soc. 62, 1930 (1940) 
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THERMAL ANNEALING OF NEUTRON-IRRADIATED 
CHLORINE OXYANIONS* 


M. VLATKOviif and A. H. W. Aten, Jr. 

Institute for Nuclear Physics Research, Amsterdam, Netherlands 

(Received 17 July 1961) 

Abstract —Thermal annealing of the products of the Szilard-Chalmers process in neutron irradiated 
alkali chlorates is similar to annealing m most salts containing oxyanions. In perchlorates and in 
sodium chlorite, on the other hand, an “inverse” type of annealing is observed, which means that the 
percentage of the activity in the chlorate + chlorite + hypochlorite fraction decreases on heating. 


Thermal annealing behaviour has been investigated in a number of neutron irradiated 
halogen oxyanions, like bromates, (1) iodates (2) and periodates * 31 but no data have 
been published concerning the annealing of chlorates or perchlorates. We thought 
that it would be of interest to fill this gap and in the course of these experiments we 
observed some cases of “inverse” annealing. The general shape of the “inverse” 
annealing curve has been shown to be quite similar to that of a “normal” one. 


Materials 


EXPERIMENTAL 


Potassium chlorate, sodium chlorate and potassium perchlorate were of “Merck” p.a origin. The 
crystals were ground in a mortar The powdered chlorates were oven dried at 140°C for 2 days and the 
potassium perchlorate was dried at 160°C for 3 days. Sodium perchlorate monohydrate NaCIO, H,0 
was supplied by B D H. The wet crystals were washed with dry ether and dried in a vacuum desiccator 
for 10 hr at room temperature Anhydrous sodium perchlorate was prepared from the monohydrate 
form by thermal dehydration. The compound loses its crystal water at ca. 54°.“’ Our sample of 
anhydrous material was obtained by drying at 160° for 3 days Cases of different thermal pre¬ 
treatment are mentioned later 

Sodium chlorite was prepared from the tnhydrate NaCI0 2 3H t O by thermal dehydration at 140° 
for 1 day The dried sodium chlorite contained ca 2 per cent of the chloride calculated as sodium 
chloride. 


Neutron bombardment 

The irradiations were performed with neutrons moderated in paraffin, from the Amsterdam 
synchrocyclotron. For irradiation salts were sealed in soft glass tubes in the presence of the air. Some 
of the samples of NaC10 4 H 2 0 had cork stoppers 

Thermal annealing 

For heating above 300°C we used a thermostatically controlled oven where the temperature was 
constant ±5° For lower temperatures refluxing boiling liquids were used with a constant temperature 
of ±1°. The irradiated salts were heated in the closed glass tubes m which they had been irradiated 
except for annealing above 460° where the glass tubes had to be replaced by Pyrex glass after 
irradiation. Quick coolmg of the heated samples was done by dipping the samples into liquid air ' 

* Work performed in partial fulfilment of the requirements for the degree of doctor of chemical 
sciences at the University of Zagreb of M Vlatkovi£ 

t Present address Institute “Ruder Boskovid”, Zagreb, Yugoslavia 
111 J. Cobble and G E Boyd, J. Amer Chem Soc 74, 1282 (1952); R Henry, C. Aubertin and 
E de la Gueronniere, J Phys Rad 18, 320 (1957); J. Jach and G. Harbottle, Trans. Faraday 
Soc. 54, 520 (1958), A. G Maddock and H. Muller, Trans. Faraday Soc 56, 509 (1960). 

1,1 R. E Cleary, W H. Hamill and R R. Williams, J Amer. Chem Soc. 74, 4675 (1952). 

1,1 A H. W. Aten, G K. Koch, G A Wesselink and A M de Roos, J Amer. Chem. Soc. 79,63 
(1957). 

<4> Gmeuns, Handbuch der Anorganischen Chemte, Verlag Chemie, Berlin (1927) Band 8 Auflage, 
a, 6, No 341. 
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Analysis 

One mmole of irradiated NaCIO,, KCIO, and NaCIO, respectively was dissolved in ca. 100 ml of 
water containing 1 mmole chloride carrier. The chloride was precipitated with nitric acid and silver 
nitrate (except in the case of NaCIO, where nitric acid was not added) and after the addition of another 
portion of chloride carrier a second silver chloride precipitate was obtained. The chlorate ion and the 
chlorite ion were reduced in the filtrate by passing through sulphur dioxide, the excess of which was 
later boiled off, and the chlorine was precipitated as silver chloride. 

Three to six hundred milligrams of NaClO. HjO, NaCIO, or KCIO, were dissolved in water 
containing 1 mmole of chloride and chlorate each as earners. The precipitation of the chloride and the 
chlorate as silver chloride containing M C1 was performed as described above The excess of silver ions 
in the filtrate containing the perchlorate was removed by adding chloride ions and subsequent 



Fig 1 —Annealing in NaCIO, Per cent retention vs time of heating (min ). 


filtration This was followed by precipitation of the perchlorate ion as tetraphenylarsomum 
perchlorate 161 by means of tetraphenylarsomum hydrochloride 

We should point out that our chemical separation was carried out under conditions in which the 
exchange of chlorine atoms between chloride, chlorite, chlorate and perchlorate was slow, 161 All 
precipitates were washed with acetone and ether, dried for a few minutes at 120° and weighed for the 
chemical yield Then the corrections of the activity for the incomplete recovery of the precipitates 
could be applied 

Counting 

The precipitates were covered with cellophane tape and counted in aluminium dishes with'a /J-GM 
counter Decay curves were drawn for all samples and the relative activities were determined from 
them. Half-life curves of ,8 C1 obtained with some silver chloride samples which had been precipitated 
in a neutral solution showed a tail attributed to "P formed by the reaction of fast neutrons with **C1. 
Although this activity was not very important a correction was made for it 

RESULTS 

Thermal annealing of NaC10 3 and KC10 3 

The heating of the neutron irradiated chlorates before analysis resulted in a slight 
increase in the retention. Plots of the retention against the time of annealing are 
shown in Figs. 1 and 2. Initial retention was found to be identical for both chlorates. 
Obviously the retention increases in two stages, but we did not measure with any 
precision the ■slope for the first and fast part of the reaction. 

F 1 Welcher, Organic Analytical Reagents, Vol 4, p. 362 van Nostrand, New York (1953). 
H. Taube and H. Dodgen, J. Amer. Chem. Soc. 71, 3330 (1949); D. A. Lee, J. Amer. Chem Soc 
76,2590(1954). 
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Sodium chlorate melts at ca. 250°C so that one of the annealing curves (JFig. 1) was 
obtained on the melt. On heating at 295° for 80 min it was found that the salt started 
decomposing, which was observed by a very slight opalescence, when ca. 300 mg of the 
heated salt was dissolved in water and nitric acid and silver nitrate were added. 
Potassium chlorate is more stable to heat; it did not melt during the annealing 
experiment, but slight decomposition was observed on heating the irradiated salt at 
350° for 80 min. 1 

i 

£ 

in 

»- 


TIME OF HEATING (MINUTES) 

Fig 2 —.Annealing of KCIO, Per cent retention vs time of heating (min.). 

Thermal annealing in NaC10 4 and KC10 4 

No activity was found in the perchlorate fraction even after thermal annealing of 
the irradiated salts. The real retention was very uncertainly measured after the 
thermal annealing of potassium perchlorate at 490° for 80 min (ca. 2-5 per cent) and 
in the case of sodium perchlorate at 460° for 80 min (ca. 1-5 per cent). Most of the 
activity was found m the chloride fraction and the rest followed the chlorate fraction. 
When the percentage of activity which was found to follow chlorate is plotted against 
the time of annealing, we obtain curves like those in Figs. 3 and 4. In the case of 
sodium perchlorate heated at 295°, a small increase in the activity of the chlorate 
fraction was observed. When either irradiated perchlorate is heated to a higher 
temperature, the activity of the chlorate fraction decreases appreciably and part of the 
radioactivity passes into chloride. It is worth mentioning that alkali perchlorates are 
exceptionally stable to heat and the annealing experiments could be done without, or 
with very slight decomposition of the heated salts. The treatment before neutron 
irradiation for all samples used in these experiments was drying at 160° for 3 days. 
In two experiments the neutron irradiated potassium perchlorate was dissolved in the 
carrier solution, NaHAsO z was added and the solution was left for 20 min at room 
temperature. By adding acetic acid, nitric acid and silver nitrate, the silver chloride 
was precipitated. Further separation of the chlorate and the perchlorate was performed 
as was described before. By this method of analysis any existing active chlorite or 
hypochlorite would have been reduced and would have joined the Cl-fraction. The 
percentage of the active chlorate fraction did not change significantly; hence we may 
conclude that the “chlorate” radioactivity in general consists of ions having the actual 
composition C10 3 _ . 
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Fig 3—Annealing of NaCIOj Per cent of “Cl m the chlorate fiaction 
vs time of heating (min) 



Fio 4 —Annealing of KCIO,. Per cent of “Cl in the chlorate fraction 
vs. time of heating (min). 
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The influence of preirradiation treatment on the thermal annealing behaviour of NaCK > 4 
Sodium perchlorate monohydrate dehydrated at 160 s for 3 days (pre-treatment a) 
was subsequently either dried in an oven at 370° for 12 hr (pre-treatment b) or 
dissolved in dry acetone; ether was added and the precipitated salt was filtered off, 
washed with dry ether and dried at room temperature in a vacuum dessicator for 4 hr 
(pre-treatment c). The salt prepared according to (c) contained about 2 per cent of 
moisture and acetone. ' 



Fig. 5 —Annealing of NaCIO, at 425°C. Per cent of S8 C1 in the chlorate fraction vs. 
time of heating (min) Pre-irradiation treatment of NaCIO,: dried 160’C, 72 hr (a) 
and subsequently either dried at 370°C, 12 hr (b) or recrystallized from organic solvents 
and dried at a vacuum (c) 

Sodium perchlorate samples prepared by treatment (b) and (c) were irradiated 
with neutrons and annealing was carried out at 425°. The annealing curves obtained 
(b and c, Fig. 5) were compared with one (a) taken from Fig. 3 corresponding to the 
same temperature. Initial activity percentages in the chlorate fraction were almost 
the same in all samples, whatever the thermal pretreatment had been. 

Thermal annealing of NaC10 4 -H 2 0 

The percentages of the activity found in the chlorate fraction in the various 
experiments with sodium perchlorate monohydrate are given in the third column of 
Table 1. The rest of the activity was found in the chloride fraction. 

Thermal annealing o/NaC10 2 

If the analysis of the irradiated sodium chlorite is performed as described above, 
it is possible to distinguish only between the chloride fraction and the higher oxidation 
states of chlorine (C10~ + C10 2 ~ + C10 s - ). The relation between the percentage of 
radioactivity in the higher oxidation states of chlorine and the time of annealing is 
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presented in Fig. 6. Sodium chlorite is said to decompose at 180-200° (4) but consider¬ 
able decomposition was caused by keeping the salt at 154° for a period of 50 min or 
longer. 

Table 1.— Activity in the chlorate fraction in neutron-irradiated NaC10 4 -H,0 

Percentage of activity 

Group of Description of in the CIO," + CIO," + CIO" 

experiments experiments fraction 

1 No annealing, room temperature 81 

2 No annealing, NaAsO, was added to the 7T 

solution of irradiated salt. Cl" and CIO," 
carriers, left 40 mm. Percentage includes 
CIO," only, without CIO" and CIO,". 

3 Annealing in stream of nitrogen ■ 

a at 100° for 80 mm (partial dehydration oc- 8 0 

curred during annealing 

b at 154°for40and 83 min (partialdehydration 5 0; 3 7 

occurred during annealing) 

c at 292° for 40, 80 and 95 min (at the end of 2 8, 2 2, 2 5 

annealing the salt was completely dehydrated) 

4 Annealing under vacuum: 

a at 76° for 80 mm (79 % of the crystal water 8 0 

was lost) 


b at 100° for 80 min (at the end of annealing 8 1 

the salt was completely dehydrated) 


5 Annealing in small glass ampoules at 292°, for 6 4 

80 mm, dehydration prevented (during an¬ 
nealing salt melted) 



Fig 6 —Annealing m NaCIO,. Per cent of *'C1 in CIO" + CIO," + CIO," fraction 
vs. time of heating (min). 


Thermal annealing of neutron-irradiated cMorine oxyanfons 

r 

DISCUSSION 

The low retention amounting to 3-5 per cent found in neutron irradiated sodium 
chlorate and potassium chlorate supports the earlier results* 71 for the 87 Cl(n, yf *Cl 
reaction m sodium chlorate where 1*5 per cent of retention was reported. The same 
authors, however, obtained 9 per cent retention for betatron irradiation of sodium 
chlorate, *®Cl(y, «) M C1. This significantly higher value may well have been caused by 
radiation annealing when chlorate was irradiated by a betatron as is supposed in the 
original paper. 

In the post recoil thermal annealing experiments with chlorates we obtained a 
slight increase of the retention; the isothermal curves (Figs. 1 and 2) show that a 
plateau which amounts to about double the initial retention could be reached. 

An interesting feature of the neutron irradiated perchlorate is the practical absence’ 
of any retention m the strictest sense of the word (in the C10 4 -fraction) even after the 
annealing. This shows once more that the chemical bonds are completely ruptured by 
the recoil. It is of interest that in the case of a perchlorate the parent compound could' 
not be reformed from the radioactive nucleus. This might perhaps be attributed to 
the fact that the formation of CIO* - in the crystal lattice would require a high positive 
charge on the chlorine atom and that sufficiently highly charge radio-chlorine atoms 
are not produced by the recoil process or by the internal conversion of capture y- rays. 
The fact that formation of radioactive C10 4 ~ is practically absent in the case of slow 
neutron irradiation of alkali perchlorates provides an interesting parallel to the low 
yield of radioactive I0 4 ~ in the activation of potassium periodate.' 3 ’ 

Another interesting phenomenon is the decrease of the chlorate activity in the 
thermal annealing curves obtained (Figs. 3 and 4). These curves show fairly good 
reproducibility when pre-irradiation thermal treatment of the samples is identical. 
It is of special interest that these “inverse” annealing curves, in which the percentage 
activity in the oxidized fraction decreases, have the same shape as “normal” annealing 
curves. (8) At first we observe a fast reaction, which involves only a part of the total 
activity available for the reaction, followed by a second much slower process with the 
same general trend. The decrease in the activity of the chlorate fraction may perhaps 
be explained by thermal decomposition of radioactive chlorate formed in the per¬ 
chlorate lattice in which the C10 3 ~ ion will be less stable than the C10 4 ~ ions. 

The thermal decomposition of chlorate in the pure condition takes place between 
400° and 500°' 4 ’ according to 4KC10 3 — KC1 + 3KC10 4 followed by KC10 4 
KC1 + 40 and the low activity of ca. 2 per cent found in the perchlorate fraction 
might possibly be ascribed to such a decomposition, if, at least, the latter may be 
assumed to take place according to the normal mechanism.' 9 ’ 

There is one special feature about the “inverse” annealing, which is illustrated in 
Fig. 5. Although preliminary heat-treatment of the sample to be irradiated hardly 
affects the initial retention, the influence of heat pre-treatment on the shape of the 
annealing curve is most pronounced. It is quite evident that some component of the 
crystal participates in the annealing, which component is very sensitive to preliminary 
heating. The suggestion comes to mind that faults in the crystal lattice play a part in 
the annealing process and that these lattice faults are “ironed out” during the pre- 

< ” K J McCallum and O G Holmes, Canad J Chem. 29, 691 (1951). 

1,1 G. Harbottle and N. Sutin, Adv. lnorg. Chem. Radtochem. 1, 267 (1959). 

A. Vanden Bosch and A. H. W Aten Jr , J. Amer Chem Soc 75, 3835 (1953). 
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liminary heat treatment. At any rate the component in question cannot be a product 
of the irradiation during neutron activation. 

A few explanatory remarks should be made in this connection. It might be 
suggested that the difference between the three curves in Fig. 5 might be caused by the 
retention of different quantities of moisture which would mean that the “inverse” 
annealing would be due entirely to the action of very rare H a O molecules left in the 
crystals. However a moisture content of any importance could hardly be expected to 
occur in the salt dried at 160° for 72 hr, and thus the difference between the two upper 
curves would remain unexplained. Some authors have reported the influence of pre¬ 
irradiation degassing on the initial oxidation states of 82 P and of ®S produced in 
neutron irradiated alkali chlorides/ 10 * which seems to be due to the influence on the 
retention of small quantities of various gases within the crystal lattice.' 11 * However, 
in those experiments the initial retention was found to be very different in samples 
which had undergone different pre-irradiation treatment. 

In the case of sodium perchlorate monohydrate the percentage of the total activity 
found initially in the oxidized fraction (8 per cent) is appreciably lower than in the 
anhydrous compound (Table 1). This is similar to observations made on other salts, 
but a rule of general validity does not seem to exist (cf. the discussions given by 
Harbottle and Sutin' 8 * and by Maddock and Muller' 11 ). 

As the presence of arsenite did not significantly affect the activity in the chlorate 
fraction we may assume that this activity goes into solution in a chemical form which 
is essentially C10 3 ~. 

Dehydration in itself does not much influence the activity of the chlorate fraction. 
This is in agreement with the behaviour m the case of dehydration or hydration of 
other irradiated salts. < 11 > 

The thermal annealing behaviour of the monohydrate is roughly similar to that of 
the anhydrous material, but there is a difference in that in the former case a lower 
temperature is required for “inverse” annealing than in the latter case. It should, 
however, be kept in mind that in the NaC10 3 H 2 0 the annealing takes place—at least 
in part—during the dehydration process. It seems that the removal of water from the 
lattice during the annealing contributes to the lowering of the activity in the chlorate 
fraction. 

Sodium chlorite also shows “inverse” annealing (Fig. 5). It is tempting_to look 
for an explanation in the posibility that most of the activity m the CIO - + C10 2 ~ + 
C10 3 ~ fraction is present as CIO - ions and that these ions m the NaC10 2 lattice easily 
decompose on heating. 
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THE RELATIONSHIP BETWEEN THE SURFACE TENSIONS 
AND ENERGIES OF LIQUID METALS ANQ THEIR 
CRITICAL TEMPERATURES* 

A. V. Grosse 

Research Institute of Temple University, Philadelphia, Pennsylvania 
(.Received 16 August 1961) 

Abstract—It is shown that a general relationship exists between the surface tension {a) and surface 
energy (er A ) of a liquid metal and its critical temperature (T 0 ) and atomic volume (K A ). The relation¬ 
ship (except for Hg, Cd and Zn) is: 

<t a ° = <j° • V A °t = 0 64 (ergs/gramme atom*). T 0 (in °K), 
where the superscript o refers to the extrapolated value at 0°K. 

There is at present no recognised simple and general relationship between the surface 
tension of a liquid metal and any of its other physical properties. The metals constitute 
about 80 per cent of all the elements, and the surface tensions of only a small number 
have been measured. 

As inorganic chemists we are interested in a general relationship applicable to 
all metals which will permit us to estimate at least approximately the surface tension 
and surface energy of any metal at any specified temperature over its whole liquid 
range, i.e. from its melting point to its critical point. In contrast, many of physical- 
chemical studies, and justifiably so, had the aim of correlating the surface tension 
of one metal over a very narrow temperature range, but with great precision. In view 
of the many high temperature studies on liquid metals being carried out at the Institute, 
where the surface tension enters only as a correction factor, such a general relationship 
would be particularly valuable. 

The surface tensions of liquid metals are substantially higher than those of normal 
liquids, e.g. a large number of homopolar organic and inorganic compounds, and 
the well known law of Eotvos 111 , Ramsay and Shields* 21 is usually considered not 
to apply to liquid metals and salts. <8) It will be shown in this paper that the law of 
Eotvos does apply to liquid metals, provided that certain adjustments are made. 

The law of Eotvos for homopolar molecules, with surface tension, o, and molar 
volume, V u , states that 

= * • V M * = K n (T e - T), (1) 

where T c is the critical temperature in °K., T the temperature at which <r M , a, and 
V M are measured and K^, the Ettrvos constant: 

Am = 2-12 erg per mole* per °K. 

* This work was supported in part by the National Science Foundation under Grant NSF-G15540, 
!11 EOtvos, Wiedeman's Ann. Phys. 27, 452 (1886). 

W. Ramsay and J. Shields, Z. Phys, Chem. 12,443 (1893). 

1,1 See for example A. EOcken, Principles of Physical Chemistry (7th Ed) p. 128. Akadem. Verlags- 

gessellschaft, Leipzig (1951). 


147 



148 


A. V. Grosse 


If cr M and a and V M , respectively, are extrapolated as an undercooled liquid to 0°K., 
the Edrvos relationship becomes: 

<t m ° = *° • ^m°‘ = K E6 • T c (2) 

It will be demonstrated here that for liquid metals 

A° = 0° ■ F A °» = C • T c) (3) 

where <r A °, o° and F A ° are the extrapolated surface energy, tension and volume per 
gramme atom at 0°K., respectively. In the case of metals the universal constant C 
is about 3 times smaller than K^ and ~0-64 erg per g at .* per °K. That the constant 
for metals should be different from the Eotvos constant is understandable since the 
nature of metallic bonding is quite different from the weak Van der Waals’ forces 
in homopolar molecules. The reason that this relationship was not recognised 
earlier is probably due to two causes. 

First, there was no clear understanding of the critical temperatures of metals. 
In a recent paper <4) it was shown that the critical temperature of metals can be reason¬ 
ably estimated from a number of available experimental data. It was demonstrated 
that the law of Cailletet and Mathias or the law of rectilinear diameters applies to 
liquid mercury, the only metal whose critical temperature had been determined 
experimentally. In this respect mercury follows most other thermally stable liquids 
and it is assumed that other metals behave similarly. 

One can readily calculate the ideal density of the saturated metal vapour in 
equilibrium with the liquid from its known vapour-pressure. As long as the vapour 
density is small compared to the liquid density, one is far away from the critical 
point, since at the critical temperature the density of the liquid metal and that of 
the saturated vapour are identical. By plotting liquid and ideal vapour density vs. 
temperature one can readily obtain an upper limit of the critical temperature. 

In addition, the theory of corresponding states requires that the entropy of 
vaporization of two metals be equal at the same reduced temperature. The heat of 
vaporization, as well as the entropy are known for mercury over a substantial tem¬ 
perature range. Since both the energy and the entropy of vaporization equal 0 at the 
critical temperature, it is feasible to construct the entropy vs. temperature curve of 
mercury. Assuming that the other metals will have the same entropy values at the 
same reduced temperatures, it is possible to estimate the critical temperature of any 
metal, since vapour-pressure and heat of vaporization data of all elements are now 
available.’ 8 * The critical temperatures obtained by the two methods are in reasonable 
agreement. Tables 1 and 2 give the critical temperatures ranging form 1733°K for 
mercury to about 23,000°K for tungsten. In contrast to homopolar molecules, the 
normal boiling points of which are about f of the critical temperatures, the metals 
have critical temperatures of 2-75-4 times higher than the normal boiling points 
(629-9°K and 5800°K for Hg and W, respectively). 

Second, comparatively few reliable data are available on the surface tensions 
of metals 

A. V. Grosse, J Inorg. Nucl Chem 22, 23 (1961), see also A V. Grosse, Report on “The 
Liquid Range of Metals and Some of Their Physical Properties at High Temperatures,” The 
Research Institute of Temple University, Philadelphia, Pa , Sept 5, 1960 
1,1 D. R. Stull and G. C. Sinke, The Thermodynamic Properties of the Elements, Advances in Chemistry 
Senes, Vol 18. Amer Chem. Soc., Washington, D.C. (1956) 
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We will consider here the simplest, and also practically the most important case, 
namely, the surface tension of a metal vs. its saturated vapour, which at low tempera¬ 
tures is identical to a vacuum. In a number of cases the atmosphere can be a noble 
gas, such as argon or helium, provided that the noble gas used is pure. Other require¬ 
ments for reliable measurements, particularly at high temperatures are: 

1. That the metal be not contaminated by the material of the container or other 

equipment during the experiment. ' 

2. That due consideration be given to the presence of surface active impurities. 

It has been demonstrated that the presence of other metals or nonmetals, even in 
trace amounts, can influence not only the actual values of the surface tension, but 
change the nature of the whole surface tension vs. temperature curve. 

In view of the above requirements, good experimental data are available primarily 
on low-melting metals such as tin, lead, bismuth, cadmium, zinc and mercury, the 
latter being the classical example. Recently, in view of its importance to nuclear 
reactor technology, the surface tension of liquid sodium has been accurately measured. 
The most reliable data on sodium, described by Taylor (6) are given below: 

Surface tension of sodium 


T(°C) 

<j(dynes/cm) 

100 

190 4 

150 

185 4 

200 

180-4 

250 

175-4 

300 

170 6 

350 

165-6 

400 

1608 

450 

156 0 


It was shown originally by van der Waals (1894) and developed recently by 
Guggenheim* 71 that for most organic liquids the Eotvos law can be made more exact 
by using the relationship • 

a = ct°(1 — T/T e )” or in its logarithmic form (4) 

logm ° = logio<7° + n log 10 (l - T/T c ), (5) 

where the exponent n — 11/9 or 1-222. 

The surface tensions of the metals referred to above are given in Fig. 1 in log¬ 
arithmic form, and the exponent n or the slope is given alongside each line. The data 
on which the line is based are given in Table 2 and the experimental temperature 
ranges are also given in Table 1. One notices immediately, in contrast to organic 
compounds that the slope n is not constant, but varies from 1-28 in case of sodium 
down to 0-25 in case of cadmium. It is believed that it is too early to judge whether 
the same slope will prevail for a larger temperature ranges, because at present the 
experimental ranges covers only small percentages, i.e. about 5 per cent, of the 
total liquid temperature ranges. 

Both the surface tension and the surface energy vanish at the critical temperature. 

1,1 J. W. Taylor, AERE Report M/TN24 (1954); see also Liquid Metals Handbook, Na-K-suppl., 
1 July 1955, p. 28 

E, A. Guggenheim, J. Ckem. Phys. 13, 259 (1945). 
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Fig 1 —Surface tension of zinc, cadmuim, mercury, tin, lead, bismuth and sodium 
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This fact is taken advantage of in Fig. 2, where the actual data for the same low 
melting metals are plotted from the experimental range down to' the critical tem¬ 
perature and extrapolated to 0°K, assuming that we have a straight line a vs. T relation¬ 
ship. The data so obtained are compared in Table 1 with those obtained by 
logarithmic extrapolation to 0°K in Fig. 1. In all cases, with the exception of mercury, 



Table 1 —Comparison of cr°(log) (see Fig 1) and a 0 (see Fig. 2) 


% of Total 


Metal 

Exp 
range 
of o, (°C) 

Total 

liquid 

range 

Tnip. 

(°K) 

T e 

CK) 

liquid 

range 

(°K) 

Log 10 

o°(log) 

n = log 
slope 

tr“(log) 
(see Fig. 1) 
dyne/cm) 

£T° 

(see Fig. 2) 
(dyne/cm) 

Zn 

510-640 

4-8 

692 7 

3380 

2690 

2 9731 

0 681 

940 

1030 

Cd 

350-500 

6 3 

594 

2960 

2370 

2 8235 

0 249 

666 

810 

Sn 

300-500 

24 

505 

8720 

8215 

2 7582 

1-262 

573 

578 

Hg 

0-354 

23 6 

234 29 

1733 

1500 

2 7260 

0 677 

532 

608 

Pb 

350-750 

94 

600 6 

5400 

4800 

2-6122 

0 501 

470 

498 

Bi 

300-500 

49 

544-5 

4620 

4075 

26186 

0-741 

416 

428 

Na 

100-450 

14-4 

370 97 

2800 

2430 

2 3610 

1 282 

229 4 

216 


the agreement between the two methods of obtaining o° is fairly good. Both the 
logarithmic and straight-line plot reproduce the presently available experimental 
data, with the exception of mercury, similarly well. 

The straight line plot of a vs. T, expressed algebraically, is of course: 

. c = o"(i - r/r c ) 

and assumes for metals, in contrast to Fig. 1, an exponent n — 1. 


(6) 



A. V. Crosse 


152 


It embraces however in principle the critical point and does permit one to obtain, 
at least in first approximation, the surface tension at any temperature. As mentioned 
previously, the logarithmic equation covers at present only a small percentage of 
the total liquid range of the metal (see Table 1). Furthermore, if extended over a 
larger temperature range it ceases to be a straight line relationship: (log 10 a at T c 
= —oo). 

Regardless of what the final accurate temperature function of surface tension 
will be (we believe it is likely to be slightly convex or concave towards the J-axis) we 
chose for our present purposes the simple straight line relationship, shown in Fig. 2, 
to obtain o° or the extrapolated surface tension at 0°K. 

All the experimental values of o° of twenty metals, as well as the atomic surfaces 
and the atomic surface energies of these metals are given in Table 2. The source of the 
experimental data on each metal is given in an appendix to Table 2 

In order to obtain <r A ° = <r° ■ Vj} it would be best to use atomic volumes or 
areas of the respective metals extrapolated as undercooled liquids also to 0°K. 
Unfortunately accurate liquid density data are not yet available for a large number 
of metals. Thus, we will use, with a small error, atomic volumes of the solid metal 
at room temperature (A later correction to the true V A ° values will probably improve 
the relationship) It is in this manner that the atomic areas, given in Table 2, have 
been calculated. 

(It is to be noted that our Vj is not the true atomic area, but only a number 
proportional to it. For a close-packed surface of close packed spheres the true atomic 
surface area, A, at the temperature T, 

A t = 1-091 V/ 1 • A*, in cm 8 /g ■ at. 

where N is Avogadro’s number The true surface free energy per gramme atom at 
any temperature T, would be 

Fa = <r T ■ A t and in the case of close packed spheres 

fcr q T - 1-091 K A T »A' i gcal 
4-181 X 10 7 gatom’ 

if er T is in dynes/cm and V A r in cm 3 /g atom. For simplicity we will retain for the present 
our definition of a A ). 

The plot of the atomic surface energy vs critical temperature is shown in Fig. 3. 
It will be noted that with the exception of mercury, cadmium and zinc, all the metals 
for which data are available fall essentially on a straight line, from the lowest experi¬ 
mental surface energy of mercury, at a critical temperature of 1733°K, to tungsten 
with the highest value, at a critical temperature of approximately 23000°K. The 
experimental surface tension of tungsten was determined in an elegant way by the 
drop-weight method by Calverley (8) . The greatest deviation from the line is noted 
in the case of tin. Recent investigations by Pokrovsky and Saidov w have shown 
that traces of surface active metal inpurities, like lead and bismuth, lower the surface 
tension appreciably; their highly purified tin showed higher values (shown as a dotted 
line (1955) in Fig. 2). In view of the many difficulties mentioned previously in making 

A. Calverley, Proc. Phys. Soc. 70 B, 1040-44 (1957). 

N. L. Pokrovsky and M. Saidov, J. Phys. Chem., U S S.R. 29, 1601-1609 (1955). 
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Table 2,—Experimental surface tensions and atomic surface energies of liquid metals 



Metal 

T t 

(°K) 

Atomic volume 
at room temp., 
(cm*/g atom) 

Atomic 
surface, 
(cm‘/g atom*) 

o°, 

Surface 

tension 

(dynes/cm) 

a kf atomic 
surface energy 
(ergs/g atomt) 

1 

Hg 

1733 

13 9 

5 78 

608 

(3510) 

2 

K 

2440 

45-3 

1>60 

100 11 

1260 

3 

Na 

2880 

22-9 

805 

216 

' 1735 

4 

Cd 

2960 

130 

5-53 

810 

(4480) 

5 

Zn 

3380 

92 

4 39 

1030 

(4530) 

6 

Bi 

4620 

21-3 

7-66 

428 

3280 

7 

Te 

4840 

17-2 

6-65 

460 

3060 

8 

Sb 

5070 

18 2 

6-91 

476 

3300 

9 

Pb 

5400 

18 2 

6 91 

498 

3440 

10 

In 

6730 

151 

610 

608 

3650 

11 

A g 

7480 

10-3 

4-73 

1100 

5210 

12 

Ga 

7620 

11-8 

5-18 

770 

3990 

13 

Ge 

8400 

136 

6-45 

770 

4950 

14 

Al 

8550 

102 

4 65 

945 

4400 

15 

Sn 

8720 

16 3 

6 42 

578 

3710 

16 

Cu 

8980 

7-1 

3-68 

1260 

4640 

17 

Au 

9500 

10 2 

4-71 

1325 

6290 

18 

Fe 

10350 

7-053 

3 678 

2100 

7730 

19 

Pt 

14650 

87 

424 

2160 

9160 

20 

W 

23200 

98 

4 59 

2840 

13050 


APPENDIX TO TABLE 2 
Source of Experimental Data 

Na, K Liquid Metals Handbook , Na-Nak Supplement, U.S A E C.* Dept of the Navy, 

Washington, D C (1955) 

T. Hogness J. Amer Chem Soc. 43, 624 (1921). 


Zn, Cd, Pb, 
Sn, _Bi 

Hg, Au, Ag, 
TI, Sb 
Fe 


Liquid Metals Handbook, (2nd Ed ), U S A E C - Dept, of the Navy, Washington, 
D.C. (1952) 

F A Halden and W. D. Kingery, J. Phys. Chem. 59, 557-9 (1955). 

Al A Portevin and P Bastien, C R. Acad. Sci, Pans 202, 1072-4 (1936). 

Ga O A Timofeevitcheva and P. P Puoatchevitch, D.A N. of the U.S.S.R. 134, 

No. 4, 840-843 (1960). 

Ge TP Kolesnikova, Chem. Abstr. 55, 9995(1961) (Izvest. V V Zavedenil, Chernaya 

Met , No 9, 14-17 (I960)). 

In O A Timofeevitcheva and P. P. Pugatchevttch, DAN. of the U.S.S.R. 

124, No 5, 1093-6 (1959). 

W A. Calverley, Proc Phys Soc. 70B, 1040-4 (1957) 

Pt Quincke, Ann. Phys. 134, 356 (1868). 

Cu Sauerwald and Drath, Z. Anorg Chem. 154, 79 (1926). 

(Data for Mg vary from 560-990 dynes/cm at 700°C, see II Liq. Met. H B., and have not been 

considered!). 


accurate measurements particularly at the higher temperatures (see p. 149), the present 
agreement is satisfactory. 

The data for mercury, cadmium and zinc fall on a parallel line. The reason for 
their exceptional positions may be that whereas on the surface of all other metals ' 
each atom is surrounded by six closest neighbours, a surface atom of mercury is 
surrounded by fewer, approximately four atoms ll0) ; thus in such cases, in view of 
the greater insaturation of surface forces one would expect the surface tension to 
be higher. Most of the metals however crystallize in a cubic or hexagonal close 

no) §££ j a. Campbell and J. H. Hildebrand, J. Chem. Phys. 11, 330 (1943). 




packed lattice, and it is to be expected that at least near the melting point the geometric 
pattern of the solid is preserved in the liquid. A rigorous explanation for the behaviour 
of Hg, Cd and Zn will have to wait additional study. 

In order to extend the experimental foundation of this relationship it would be 
particularly desirable to obtain experimental data on metals above gold, i.e. having 
critical temperatures above 10,000°K. Maximum surface tensions are expected for 
metals having high critical temperatures and low atomic volumes and thus atomic 
areas; data for liquid molybdenum, tantalum, columbium, rhenium and other noble 



Fig. 3—Atomic surface energy, cr a t (= °° ' Fj t vs T 0 ). 


metals (Os, Ir, etc.) would be particularly desirable. Low values are conversely 
expected for metals with a low critical temperature and high atomic volumes; theTefore 
rubidium, cesium and francium arc expected to fall on the lowest end of the line. 

The slope of the line for each metal or dajdT = —<r°/r c and a vs. T relationship 
can be expressed as: 

a = °° + • T ( 7 ) 


where the average temperature coefficients over the whole liquid range of each metal 
are given in Table 3. (They are compared with experimental values obtained over a 
narrow temperature range given in the last column of the Table.) 

The general relationship between cr A vs, T 0 permits us to estimate the surface tension 
of any metal at any temperature. We will illustrate this point by a specific example— 
namely, lanthanum and europium 

In view of the close similarity of the rare earth metals one would expect super¬ 
ficially similar values of their surface tension. 





The relationship between the surface tensions and energies ofHquid metals 


Table 3.—The average temperature coefficients of surface tension over the 

WHOLE LIQUID RANGE 


dcr/dT = ~a°/T e 
(<r° and T e taken from Table 2) 

(arranged in ascending order and comparison with experimental values over limited temp, range) 


Metal 

da/dT, 

(dyne per cm per °K) 

Exp. values 
dynes per cm per °K 

Range (°C) 

K 

-0 041 

r 


Na 

-0077 

-0-098 

100-450 

Sn 

-0 065 

-0-649 (S.U. 1960) 

250-500 



—0 080 (Hogness) 

300-500 

In 

-0086 

-0-085 

170-500 

Ge 

-0092 



Pb 

-0092 

-0 073 

350-500 

Bi 

-0093 

-0-065 

300-500 

Sb 

0-094 



T1 

-0-095 



Ga 

-0-101 

-0 047 

30-505 

Al 

-0-111 



W 

-0 123 



Au 

- 0 -140 



Cu 

-0 140 



A g 

-0 147 



Pt 

-0-148 



Fe 

-0 203 



Cd 

-0 274 

-0-067 

350-500 

Zn 

-0 305 

-0185 

510-640 

Hg 

- 0 352 

-0 243 

0-354 


The pertinent data on the two elements, with an estimate of their critical tem¬ 
peratures, are given in Table 4. 

From our relationship it follows that a A ° for 

La = 7500 ergs per cm per g. at*, 
and Eu = 3300 ergs per cm per g. at*. 

The respective surface tensions at 0°K., a° — 940 and 350 dynes/cm. At 1200°K 
the surface tensions will be, in line with Equation 7. 

850 dynes/cm for La 
270 dynes/cm for Eu; 

thus La will have a value approximately three times greater than liquid europium. 

Since both metals are now available in a high degree of purity the above values 
can be determined experimentally. 


Table 4 


Data from reference. 5 


Density M P. NBP AS 


Z 

at 20°C. 

Ki. (cms*) 

Crystal form 

(°K) 

(°K) 

Vap. 

^red. 

T.CK). 

La 57 
Eu 63 

6 19 
5-244 

22-42 

29-00 

face centred cubic 
body centred cubic 

1193 

1100 

3640 

1700 

26 25 
24-70 

0-312 

0-330 

11,700 

5,150 



The original Ettrvos law cannot be checked experimentally for metals at the 
moment, because so far the surface tensions of metals have been measured over a 
very narrow temperature range, i.e. 5-10 per cent of the total liquid range. In 
contrast, o M and a of typical homopolar molecules like CO a , CC1 4 and benzene have 
been measured over the whole liquid range, up to their critical point. 

Note, A publication by Taylor 111 ' with an estimation of the unknown surface of 27 metals 
at their melting points, was brought to our attention. Taylor uses five physical correlauons, of 
which the closest one to ours is a relationship between the surface energy and the heat of sub¬ 
limation of the solid metal Since the estimation of the surface tension of 27 metals, where experi¬ 
mental data are now lacking, is important but would require the presentation of a large number 
of additional experimental data, we intend to compare our estimates with those of Taylor in a 
separate publication 

«“> J. W. Taylor, Metallurgy, 50, 161-165 (1954) 
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SELENIUM-SULPHUR SOLID SOLUTIONS 

J. E. Fergusson, G. M. Pratt, G. A. Rodley and C. J. Wilsons 
D epartment of Chemistry, University of Canterbury, Christchurch, New Zealand 

(Received l4 May 1961) > 

Abstract—Selenium and sulphur form a series of solid solutipn phases, mostly based on known 
structures of the elements. Some of these phases contain eight-membered cyclic molecules with 
selenium-sulphur bonds, but no stoichiometric compounds were isolated. The behaviour of the 
phases under thermal and solvent treatment has been determined. 

The formation of solid solutions in regions of the selenium-sulphur system is well 
established. 11 “ 6) 

In carrying out an X-ray powder examination over the entire composition range 
we have sought also information on the thermal stability and the constitution of 
the phases. The results confirm the chief solid solution phases to be those described 
recently be de Haan and Visser. (8) Some of these phases contain eight-membered 
cyclic molecules with selenium-sulphur bonds, but isolation of stoichiometric 
compounds was found not possible. Even the product of composition SeS 2 from the 
reaction between selenious acid and hydrogen sulphide gives a powder photograph 
characteristic of the solid solution phase (II, Table 1) formed in the range within which 
this composition falls. 

Table 1 


Phase 

Structure type 

Se contents of melts 
producing phase 
(%) 

Se contents of phases 
crystallized from CS, 

(%) 

I 

a-Sulphur‘“’ 

0-14 

0-18 

II 

y-Sulphur' 81 

17-55 

20-49 

III 

a-Selenium ,a ’ 

60 

50-68 

IV 

Modified hex selenium 1 ' 1 

66f 

53'°’ 

V 

Unknown'"’ 

75-85 

_</> 

VI 

Hex selenium' 0 ’ 

93-100 

_</) 


Identified from powder photograph “’ Identified from cell dimensions deter¬ 
mined from single crystal photographs ,cl Indices of lines in powder photograph were 
established by comparison with the rather similar pattern from hexagonal selenium. For 
phase IV axial lengths are - a = 4 77 ± 0 05 A; c — 5 03 ± 0-08 A. M1 Residue after 
extraction Not based on any known sulphur or selenium structure. <fl Cannot be 
recrystallized from carbon disulphide. 

Crystallization (under standardized conditions) of melts of increasing selenium 
content* produced the succession of solid solution phases listed in Table 1. The cell 
dimensions of all phases increased with increasing selenium content. 

* All compositions are given as atomic percentages 
B Rathke, Liebigs Atm 49,253 (1844). 

1,1 W. Muthmann, Z Krist. 17, 357 (1890). 

,8) W E. Ringer, Z . Anorg. Chem 32, 183 (1902). 

F. Halla and F. X. Bosch, Z Phys Chem 10 B, 149 (1930). 

181 F Halla, E. Mehl and F X Bosch, Z Phys. Chem 12 B, 377 (1931). 

Y. M. de Haan and M P Visser, Physica 26,127 (1960). 
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* Phase IV, the chief constituent of solidified melts of composition 66$ per cent 
' selenium is present to some extent in melts within the range 33-72 per cent selenium 
and remains after solvent extraction. Samples obtained in this way contained about 
53 per cent selenium. Powder photographs from samples of composition near 70 
per 'cent were variable. The few weak lines superimposed upon diffuse scattering 
characteristic of non-crystalline material were not identifiable with lines from phases 
TV, V or VI. 

Ringer’s melting point curve for the system, (3) though not revealing some of the 
peritectic breaks through difficulties of measurement, places the eutectic composition 
slightly greater than 40 per cent selenium. The composition ranges now found for 
the more important phases show that I and II lie on the sulphur-rich side of the 
eutectic and III, V and VI on the selenium-rich side. 

Phases I, II and III dissolve readily in carbon disulphide and are subject to com¬ 
position change and consequent interconversion upon recrystallization, the fractions 
of highest selenium content being the least soluble. Fractionation likewise occurs 
upon vacuum sublimation. Phases IV, V and VI differ in being much less soluble. 
They undergo partial decomposition to I, II and III upon solvent treatment (Table 2) 


Table 2 —Transformation of phases 


Initial 
phase t 


Products from 


Extraction by 
CS„ at 46° 

Extraction by 

CS, at 160° 

Heating 
at 160“ 

Vacuum 

sublimation 

1 

I 

I, (II), (HI) 

Unchanged 

I 

11 

III, II, I 

(HI), II, (I) 

Unchanged 

II, I 

III 

III, II, (I) 

(VI*), III, (II), (1) 

VI, V 

II 

IV 

IV*. Ill, II, (I) 

(VI*), III, (II), (I) 

VI, V 

II 

V 

V*. Ill, (II), (I) 

(V*), III, (II), (I) 

VI 

1 

VI 

VI*. Ill, (II), (I) 

(VI*), III, (II), (I) 

Unchanged 

Unidentified 


* Insoluble residue. Brackets indicate minor products only, 
t The results are for phases I, II and III recrystallized from solution, but for IV, V 
and VI as solidified melts. 


Constitution of the solid solutions 

There is evidence that phases II and III contain cyclic molecules Se„S 8 _ n , rather 
than a mixture of S 8 and Se 8 molecules. Evaporation of a carbon disulphide solution 
of a-sulphur and a-selenium in appropriate proportions yields phase I rather than 
a-sulphur only after heating overnight to 100-120°. Phases II and III are ob¬ 
tained after heating to 160°. The occurrence of a considerable change at this latter 
temperature may be significant since it is the temperature at which disruption of the 
sulphur-sulphur bond occurs freely. Also, whereas a sample of phase II (33 per cent Se) 
sublimes at 80° under vacuum without change, a mixture of sulphur and selenium in 
the same proportion gave phase I (of low selemum content). Phase I differs from II 
and III only in «o far as it may contain a proportion of S 8 molecules, as shown by 
its crystallization from a solution of phase II to which a-sulphur has been added. 

The interconversion of phases I, II and III upon recrystallization could arise 
either through concentration of molecules according to their composition type, or 



(a) 



Fic. 2 —X-ray powder photographs (a-f)of phases J-VI, havingrespectivecompositions 
7 5, 32 5, 68, 53, 80, and 95 atomic per cent selenium (g) The product from very slow 
cooling of phase IV The spotted and full lines show the existence of (at least) two 
constituents (h) The sublimate from phase VI 
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The latter may be less is 

of a process 8Se B Sg_ B -*■ nSeg + <8««)Sg at I6w temperatur^ coald l 
^umofsparingly soluble selenium; but this does not occur. *, r, „ „ 
te absorption spectra (Fig. 1) of phases I, II and III, and of aw 
in carbon disulphide are qualitatively similar, as are some features 
of phases I and II, and of a-sulphur in chloroform. (Phase ill absorbs mttfo K 
strongly than phase II in the latter solvent and shows a subsidiary maximum at v 
mp with e & 1800). The absence of quantitative relationships amongst the « 
rption intensities once again excludes structural interpretation in terms of Se* and ' * 




Fig 1 —(a) Absorption spectra of phase I, phase II, and a-sulphur in chloroform (b) 
Absorption spectra of phases I, II and III, and a-selenium in carbon disulphide. For (a) 
the concentration of sulphur in gram-atoms per litre was used in calculating extinction 
coefficients, and for (b) the concentration of selenium in gram-atoms per litre. Com¬ 
positions of phases I, II and III were 14, 27'J and 68 atomic per cent respectively. 

S g molecules alone. The distinctive maximum, e = 100 at 333 mp in a region of 
otherwise low absorption on the curve for phase II can be attributed to Se—S bonds. 
The infra-red stretching frequency (471 cm -1 ) of the sulphur-sulphur bond in a- 
sulphur becomes progressively weaker in phases I, II and III. Yet its presence (at 
463 cm -1 ) even in III, of composition 68 per cent Se, indicates random distribution 
rather than alternation of the atoms within the mixed molecules. 

Phase V, of unknown structure but of low solubility like IV and VI, may be assumed 
polymeric. The slow decomposition of these phases by boiling carbon disulphide 
reflects the low bond strengths on the selenium-rich phases. 

Thermal behaviour of the phases 

There is no evidence that phases I, II, III, V and VI, within their normal compo¬ 
sition limits, are not stable at room temperature. Phase IV differs in being meta¬ 
stable. A sample photographed after five months had partially decomposed to phase 
III. 

At 160° phases III (68 per cent Se) and IV (S3 per cent Se) are unstable, changing 
through intermediate formation of VI to V. A sample of phase V obtained by cooling a 
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melt containing 80 per oent Se converts on the other hand to VI at this temperature. It 
reverts to V on cooling the melt from high temperature (360'), when crystallization 
occurs at about 140°. This behaviour is indicative of a peritectic transition where the 
hi gh temperature phase (VI) does not revert quickly to the lower temperature phase 
(V). The peritectic temperature between these phases lies between 140° and 160°, and 
the miscibility gap extends from about 85 to 93 per cent. No evidence has been 
obtained on the peritectic temperature between phases III and V owing to difficulty 
in ensuring equilibrium. 

Phase IV seems to result from crystallization of a residual component present in 
the melt in highest proportion at high temperatures. A sample which has been isolated 
as an extraction residue can, after heating to 360°, be partially recrystallized by rapid 
cooling (15 min). Normal cooling in the furnace produced phase V, and very slow 
cooling (5 days) gave two unidentified products (Fig. 2g). 

EXPERIMENTAL 

Preparation of samples Mixtures of sulphur and selenium were heated overnight to 360’ in 
scaled tubes which had been flushed with carbon dioxide The samples were normally allowed to cool 
in the tube furnace (taking 90 min over the range 200-100°) Solvent extractions were made with 
carbon disulphide. Vacuum sublimations were made at 80° onto a water-cooled finger 

The sample from the reaction between hydrogen sulphide and selemous acid was obtained by 
Nordlander’s procedure It contained 32 5 per cent selenium. 

For selenium determination samples were dissolved by nitric acid and reduced with hydrazine 
hydrate. 

X-ray powder photographs These were taken with a Philips 114 83 mm camera using copper 
radiation Photographs of the chief products are reproduced m Fig 2 

rf-Values of principal lines from less well-known products follow Phase IV (53% Se): 4 15 (m), 
319 (r), 3-01 (h>), 2-16 (m), 2-09 (w), 159 (w) Phase V (80% Se): 4 71 (w), 4 11 (s), 3 41 (s), 3 03 (m), 

2- 94 (m), 2 77 (j), 2 39 (m). “70% Phase” (70% Se): 2-02 (r), 1-76 (m), 1-24 (h>), 1 06 (w) Products 
from very slow cooling of phase IV: spotted lines (Fig. 2 g), 3 51 (m), 3-04 (s), 2 15 (s'), 1 83 (m), 
1-75 (m), 1-36 (m), full lines, 2 80 (m), 2-71 (w), 2 62 (w), 1-63 (m). Sublimate from phase VI (Fig 
2h): 4- 1 3 (iw), 3 58 (s), 3-22 (w), 3 00 (w), 2-77 (w), 2 19 (s), 1-87 (m). Values calculated for the 
/1-monoclinic selenium structure, 181 but not found in any products, are. 4 65, 4 03, 3 87, 3 79, 3 78, 

3- 67, 3 49, 3 42. 

Spectra. For measuring absorption spectra chloroform was useful as solvent over the range 
240-360 m/i Carbon disulphide was used at longer wavelengths Monoclinic selenium is insoluble 
in chloroform, and the selenium absorption at 370-420 mp is not shown by solutions even of selenium- 
rich phases in this solvent 

Infra-red spectra were provided by Drs. N S Ham and A. L G Rees of the Division of Chemical 
Physics, C.S.I R O., Melbourne The absorption bands recorded over the range 720-420 Cm -1 on a 
Perkin-Elmer 12C spectrometer with potassium bromide optics were - a-sulphur, 471 cm' 1 (m - ), 
phase 1,17% Se, 469 cm -1 (w); phase II, 35 % Se, 467 cm -1 (vw)\ phase III, 68 % Se, 463 cm -1 (min’) 

Acknowledgement —Assistance from the research fund of the University of New Zealand is acknow¬ 
ledged. 
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181 R. E. Marsh, L Paulino and J D. McCullough, Acta Cryst 6, 73 (1953) 
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APPLICATION OF THE WURTZ REACTION TO THE 
SYNTHESIS OF DISILANE AND 1,2-DIMETHYLDISILANE* 

A. D. Craig and A. G. MacDiarmid| 

John Harrison Laboratory of Chemistry 
University of Pennsylvania 
Philadelphia 

(Received 19 July 1961, in revised form 26 August 1961) 

The Wurtz reaction has been used frequently in organosilicon chemistry to prepare 
disilanes and higher silanes which contain no Si—H bonds. <1,2,3) It has been reported 
that when SiH 3 Cl was shaken with a 0-74 per cent sodium amalgam, at room tempera- 
ture, all the chlorine was abstracted but only a 1 7 per cent yield of Si 2 H 6 was obtained. 
When a sodium-potassium alloy was used, little or no Si 2 H 6 was obtained (1 > 

Later it was found that SiH 3 I would react with solid sodium* 5 * at room temperature 
to yield Si 2 H 6 . It was suggested that the formation of a film of Nal on the surface of 
the sodium prevented 62 per cent of the SiH 3 I employed from undergoing reaction. 
This method does not show great promise for the synthesis of relatively large quanti¬ 
ties of SijjHg since very large surface areas of sodium would be required. The present 
study was undertaken to investigate the necessary conditions for obtaining good yields 
of disilanes containing Si—H bonds by means of the Wurtz reaction 

In this investigation attempts to obtain higher yields and greater quantities of 
SijjHg than those previously reported by allowing SiH 3 I to react with sodium or 
sodium-potassium alloy were unsucessful However, very good yields and relatively 
large quantities of Si 2 H fi resulted when SiH s T vapour was permitted to react with 
liquid sodium amalgam at room temperature. Good yields of the new compound 
dimethyldisilane, presumably the 1,2 isomer, CH 3 SiH 2 SiH 2 CH 3 , were obtained in an 
analogous reaction. It would appear that the experimental method developed may be 
conveniently employed for the synthesis of considerably larger quantities of volatile 
disilanes 

A reaction mechanism involving an intermediate silylmetalhc compound rather 
than one based on the production of free siiyl radicals such as 

2SiH,l + 2Na -* 2Nal + 2SiH s - (I) 

2SiH, -S. s H„ (2) 

is suggested for the following reasons' (a) during the course of the reaction the 

* This work was supported in part by the U S Air Force, Contract No. AF 33-(616)-6516 Repro¬ 
duction in whole or in part is permitted for any purpose of the United States Government. The results 
are based on portions of a thesis to be submitted by A D Craig to the Graduate School of the 
University of Pennsylvania in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy 

t Alfred P Sloan Research Fellow 

111 H Gilman, R. K Ingham and A. G Smith, / Org Chem. 18, 1743 (1953). 

121 H Gilman, D J. Petersen, A W. Jarvie and H 3 S. Winkler, J Amer Chem. Soc 82, 2076 
(1960) 

1,1 M. P Brown and G W A Fowles, J Chem. Soc 2811 (1958). 

A Stock and K. Somieski, Ber Dtsch Chem. Ges 54, 524 (1921) 

141 H J EmeiTus, A G Maddock and C. Reid, J Chem. Soc 353 (1941) 
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surface of the amalgam became coated with a thick slush which disappeared when 
nearly all of the SiH s I had been consumed, (b) SiH 4 was slowly evolved when the 
nonvolatile reaction products were allowed to stand for several days, (c) treatment of 
the nonvolatile residues from two SiH a I experiments with dilute hydrochloric acid 
produced a gas presumed to be a silicon hydride. These observations suggest that an 
intermediate species such as (StH 3 ) 2 Hg or SiH 3 HgI is probably involved m the course 
of the reaction. This appears to be reasonable since a silyl-metalhc compound, 
KSiH a , has recently been isolated as a stable species.' 61 Although the proposed 
silyl-mercury compounds have not been isolated, it seems very likely that a reaction- 
scheme such as that described below is involved in the preparation of volatile disilanes 
by the method described m this paper 

The highest yields of the disilanes were obtained when the vapour, only, of the 
silyl iodide was permitted to react with liquid sodium amalgam. It is proposed that 
the presence of liquid SiHJ on the amalgam surface facilitates the mechanical removal 
of the possible intermediate compounds SiH 3 Hgl and/or (SiH 3 ) 2 Hg as a suspension 
in the liquid SiH 3 I This then allows the surface of the amalgam to become more 
accessible to attack by SiH 3 I according to equations (3) or (4) below, and hence more 
of the SiH 3 groups undergo reaction (6) with consequent increased yields of SiH 4 and 
decreased yields ofSi 2 H„. When SiH a I vapour only is present, reaction (5) is favoured 


SiH 3 I + Na/Hg (excess) -*SiH,Hgl (fast) (3) 

2SlH a l 1 Na/Hg (excess) - (SiH 9 ) a Hg + 2Nal (fast) (4) 

SIH.I + (SiHj) 4 Hg - SI 2 H c h S.H.Hgl (slower) (5) 

(SiH,)jHg -► SiH, -I (SiH 2 ) i+ Hg (slow) (6) 

EXPERIMENTAL 


All work was carried out in a Pyrcx glass vacuum system Stopcocks were lubricated with Apiezon 
N grease in preference to silicone grease in order to eliminate the possibility of foreign silicon com¬ 
pounds appearing through attack on the grease by the substances handled All pressure readings 
were made with a glass Bourdon gauge in order to eliminate contamination and possible reaction of 
compounds with mercury All temperatures below 0" were measured by an iron-constantan thermo¬ 
couple, standardized by the National Bureau of Standards 

Silyl iodide was prepared from SiH 4 and HI Its purity was checked by determining its vapour 
pressure at 0° (found, 123 6 mm, lit value, 123 9 mm'") Liquid sodium amalgam was prepared by 
dissolving sodium metal in mercury, the sodium content being subsequently determined by analysis 

Mcthylsilyl iodide was prepared from CH,SiH 3 and HI Its purity was checked by determining its 
vapour-pressure at O ' (found, 42 9 mm, lit value, 43 0 mm 171 ) 

(a) Reaction of silyl iodide (Jn/uid and vapour phase) with sodium amalgam In a typical experiment 
SiH a I (11 65 mmoles) was condensed into a 250 ml round-bottom flask containing 50 g of sodium 
amalgam (0 65 % Na w/w) Initially, 50 per cent of the SiH,I was in the liquid phase, the remainder 
being in the vapour phase The reaction was allowed to proceed for 1 5 hr at room temperature during 
which time the flask was constantly agitated Some liquid SiH s J was present on the surface of the 
amalgam during the first 0 5 hr Separation and identification of all the volatile products showed that 
75 8 per cent of the SiH,! had undergone reaction to give SiH„ 32 7,* and Si s H 0 , 39 5 per cent No 
hydrogen was evolved The above substances were identified by their molecular weight, vapour 
pressure, and/or infrared spectra In another experiment, where 75 per cent of the SiHjI was in the 
liquid phase, the yield of Si t H, was only 12 8% 

(b) Reaction of silyl iodide (vapour phase only ) with sodium amalgam A side arm was attached to 

* All the percentages given are based on the quantity of silicon originally in the silyl iodide or 
methylsilyl iodide consumed, which appeared in the given product In the case of hydrogen gas, the 
percentage abased on the quantity of hydrogen in the silyl iodide or Si—H hydrogen in the methyl- 
siiyl iodide consumed 

M A, Ring and D M Ritter, / Amer Chem Soc 83, 802 (1961) 

1,1 H J Emel£us, M Onyszchlck and W K.uchen, Z. Anorg Chem. 283, 74 (1956). 
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the neck, of a 0-51. flask which was used as the reaction vessel A manometer, adjacent to the flask in 
the vacuum system, served as a means of detecting pressure changes in the reaction vessel. 

Sodium amalgam, 225 0 g (0-752% Na w/w) was introduced into the reaction vessel under dry 
nitrogen gas. The vessel was then evacuated and SiH,I (6-75 mmole; 1-0662 g) was condensed into 
the side arm. This amount of SiH a I was completely vapourized at room temperature and produced a 
resulting pressure of 18-7 cm on the manometer after 15 min The amalgam was stored continuously 
by means of a glass covered magnetic stirring bar. A thick silvery film soon began to form on the 
amalgam and this film became slushy as the reaction proceeded. After 8 9 hr at room temperature 
(normal laboratory fluorescent lighting) the pressure in the reaction vessel had drppped to 10-4 cm and 
a large amount of black powder appeared on the surface quite suddenly (within 5 min) at the end of 
this period. 

Separation of all the volatile products yielded SiH, (0-861 mmole, 13 1%, mol wt found, 32-3. 
calc., 32 1; confirmed by infra-red spectrum 1 "), Si,H, (2-19 mmole, 66-8%, mol. wt. found, 62 5. 
calc, 62 2; confirmed by infra-red spectrum; 1 " vapour pressure at —63-5°, found, 64-6 mm, lit 
value. 65 4 mm 1101 ), SiH,I (0 20 mmole, 3 0% vapour pressure at —23 0" found, 33 1 mm , lit. value, 
34 8 mm”') and hydrogen (0 342 mmole, 3 4 per cent) The non-volatile products of this experiment 
were stirred intermittently for eight days in vacuo at room temperature without removal from the 
reaction vessel The vessel was opened to the vacuum system and it was found that a small amount of 
hydrogen and SiH, (6 9 mg, 0 215 mmole, identified by infra-red spectrum'") were present Another 
experiment similar to that described above, was carried out employing 14 36 mmole (2 2700 g) of 
SiH,I The yield of Si 2 H„ was 55 4 per cent (3 79 mmole). Addition of dilute HCI to the non-volatile 
residue in the reaction vessel caused the evolution of a gas, presumably a silane, which was spontan¬ 
eously inflammable in air 

(c) Reaction of metkylsilyl iodide with sodium amalgam The apparatus used was identical to that 
described in (b) above except that a 11 flask was employed In a typical experiment, sodium amalgam, 
289 6 g (0 752% Na w/w) was allowed to react with 3 13 mmole (0 5393 g) of CH,SiH 4 I at room 
temperature This amount was completely vapourized in the flask and produced a pressure of 6 20 cm 
after 19 min. A silvery slush, similar to that noted in the above experiment, formed during the reaction 
and after 7 7 hr it suddenly (within 5 min) decomposed to a black powder which floated on the surface 
of the amalgam The pressure at the conclusion of the experiment was 3 70 cm 

After separation of all the volatile products, it was found that 97 9 per cent of the CH,SiH,l had 
undergone reaction to form CH,SiH 3 (0 782 mmole, 25 5%, mol wt found, 45 3 Calc., 461, 
confirmed by infra-red spectrum 171 ) and CH,SiH,SiH s CH 8 (0 764 mmoles, 49 7% mol wt Found, 
91 0, Calc 90 28) No hydrogen or other noncondensable gas was formed In order to remove the 
last traces of CH 3 SiH s f from the CH,SiHjSiHjCH, it was necessary to add to the mixture 0 1 ml of 
(n-C,H 7 )»N, which forms an only slightly Volatile addition compound with the iodide (Found* C, 
26 75, H, 1138 Calc C, 26 61, H, 11 17%) 

A sample of CH 3 SiH 2 SiH 2 CH 3 of mol wt, 91 0 exerted a vapour-pressure of 107 0 mm at 0 ’ and 
melted below —144 ’ ]n contrast to compounds containing an Si s H 0 group,' 111 Si s H 4 (CH 3 ) a was not 
spontaneously inflammable in air It was found that the material decomposed slowly at, and above 0°, 
and in this respect it is similar to Si 2 H s CH, which also decomposed under similar experimental 
conditions "" 

The non-volatile products of the reaction between CH 3 SiH 2 I and sodium amalgam were stirred 
intermittently for eight days in vacuo at room temperature without removal from the reaction vessel 
A small amount of hydrogen and a trace of material, presumably CH 3 SiH 3 , was found on opening 
the vessel 

It was found by Stock,' 41 and also in this laboratory, that 2—10 per cent of a sample of Si 3 H„ was 
decomposed by sodium amalgam during 24 hr at room temperature Under similar experimental 
conditions, CH 3 SiH 2 SiH 2 CH 3 decomposed much more extensively 

In four experiments, two with SiHJ and two with CH 3 SiH 2 J, the decrease in total pressure was 
recorded throughout each entire experiment at 15 min intervals as the iodide underwent reaction with 
the amalgam The volume of the apparatus employed was essentially constant throughout each experi¬ 
ment and the temperature variation was t 0 5“ It was found that a plot of log (P - P 3j ) vs time was 
linear in each case. It appears from these results that the rate-determining step of these reactions is 
first order with respect to SiH,I or CH,SiH 2 I respectively 

* The analysis was carried out by the Schwarzkopf Microanalytical Laboratory, Woodside 77, 
New York Samples were transported in liquid nitrogen 
'" C H, Tindal, I W Straley and H H N(elsen, Phys Rev 62, 151 (1942). 

'" G W Bethke and M K Wilson, J Chem Phys 26, 1107 (1957) 

,101 K Stokland, Kgl Norske Vi4enskab Selskabs Skrifter, No 3, I, 47 (1950) 

1111 L G L Ward and A G MacDiarmid, J. Amer Chem Soc 82,2151 (1960). 

11,1 S. Isenberg Ph.D Dissertation, University of Chicago (1937) 
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by the equation log Pm 

point i* 60-3°. The molar heat of vaporization is 

Table 1.—Vapour-pressure of 1,2-dimethyldisilane* 


Temp (°C) 

Vapour pressure (mm) 

Observed 

Calculated 

-46 2 

11 8 

11 7 

-418 

15-1 

150 

-38 8 

17 7 

177 

-25-2 

35 6 

35 5 

-18-4 

48 7 

48 7 

- 13-8 

607 

600 

12 

120 2 

1120 

00 

114 5t 

106 8 

- 196 

0 3f 

— 

00 

107 0+ 

106 8 


* Duration of the determination, approxi¬ 
mately 8 hr 

t Pressure observed on decreasing the 
temperature 

} Vapour pressure of pure sample im¬ 
mediately after purification 


C C -1 mole -1 The Trouton's constant is therefore somewhat similar to that reported for SijH 5 CH, 
(14 0 cal “C _1 mole -1 ) 1,81 The irreversibility of the vapour-pressure curve found upon decreasing the 
temperature indicated that slight decomposition had taken place 

Thermal \tabillty A 40 mg sample of CH a SiH 2 SiH 2 CHi was held at 0° for 4 7 hr, after which 
time the vapour-pressure had increased from 110 2 to 111 3 mm Upon cooling the sample to —196°, 
0 1 mm pressure of non-condensable gas was observed 

Infra-red spectrum Infra-red measurements were made with a Perkin Elmer Infracord double 
beam recording spectrophotometer, employing a sodium chloride optical system The measurements 
were made on the gaseous phase at 25" with the sample confined in a 10 cm cell with 0 5 cm potassium 
bromide windows cemented with glyptal resin The absorption maxima are summarized in Table II 
below. 

Table 2 —Infra-red spectrum of 1 ,2-dimethyldisilane 
(pressure — 8 0 mm) 


cm 1 

Strength 

Assignment"” 

2980 

Medium 

C—H stretch 

2950 

Shoulder 

C—H stretch 

2150 

Very strong 

Si—H stretch 

1420 

Weak 

CH 3 deformation 

1253 

Medium 

CH S deformation 

946 

Shoulder) 


931 

Strong I 

SiH 2 deformations 

919 

Strong j 


912 

Shoulder) 


878 

Shoulder 

CH a rock 

861 

Very strong) 


853 

Very strong j 

StHj deformations 

845 

Very strong) 


728 

Shoulder) 


724 

Strong ( 

Si—C stretch and/or 

720 

Shoulder) 

SiH 2 deformations 

098 

Medium j 



E A, V Ebsworth, M. Onyszchuk and N. Sheppard, J Chem Soc. 1453 (1958) 
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HALOGEN REARRANGEMENT IN 
ORGANOSILICQN HALIDES , 

f 

R. S. Feinberg* and E. G. Rochow 

Mallinckrodt Laboratory, Harvard University, Cambridge,. Massachusetts 
(deceived 17 January 1961; m revised form 24 August 1961) 

Abstract —To test (1) whether there is any halogen rearrangement in a pure organosihcon halide, and 
(2) whether such a compound undergoes solvolytic dissociation in ethers or nitrogeneous solvents, 
methylbromodichlorosilane (CH,SiBrCl a ) was prepared and then was tested for rearrangement under 
a variety of conditions At reflux temperature for 43 hr, in the absence of metals and metal chlorides, 
it generated no detectable methyltnchlorosilane, indicating that there was no exchange of halogen 
through self-ionization. The presence of traces of aluminum chloride or the halides of other metals 
caused rearrangement and consequent evolution of CH,SiCl,. In all-glass equipment, addition of 
n-butyl ether, 1,3 dioxane, N,N dimethylamhne, or N,N dimethylformamide brought about formation 
of trichlorosilane at reflux temperature, the rate of such rearrangement increased with the basicity of 
the solvent and with its dielectric constant 

Although silicon has an extensive ionic chemistry, almost its only ionic form is that 
of a large anion containing a major proportion of oxygen or fluorine. Positive 
(siliconium) ions seem to be a rare species, (l) frequently adduced to explain the 
reactions of some silicon compounds but elusive m the face of deliberate attempts to 
find them. <2 ' 3) Undoubtedly they exist as structural components in the silicon and 
organosihcon acetylacetonates, <4 - 5) where they are stabilized by chelation, and they 
very probably exist as solvated cations in 100% H 2 S0 4 . (6) Conductometric studies in 
nitrogenous solvents at room temperature show that under such conditions the 
measurable concentration of siliconium ions is extremely low, so low as to be obscured 
by the effect of residual moisture m even the most carefully purified solvents.* 7 ’ 
One sensitive test which might be applied to the existence or nonexistence of 
siliconium ions in pure silicon compounds, or in solutions of them, is halogen re¬ 
arrangement or exchange Such exchange is known to occur during the reactions of 
bromine-containing Grignard reagents with silicon tetrachloride in ether, resulting in 
a complex mixture of (organo) chlorobromosilanes, !8) and in the action of organo- 
magnesium bromides on methyltnchlorogermane, but this can be ascribed to the 
action of magnesium bromide as a Lewis acid. (B ’ 10) Free iodine is also known to 

* Harvard College, 1961. 

111 E G. Rochow, Introduction to the Chemistry of the Silicones, p 118 J, Wiley, New York (1951). 
,sl H Gilman and G E Dunn, J Amer. Chem Soc. 72, 2178 (1950). 

1,1 R C. West, Thesis, Harvard (1954) 

R. C West, J Amer Chem Soc 80, 3246 (1958) 

161 S K Dhar, V Doron and S Kirschner, J Amer Chem Soc 81, 6372 (1959) 

«"F p Price, / Amer Chem Soc 70, 781 (1948) 

1,1 A B. Thomas and E G Rochow,/ Amer Chem Soc 79, 1843 (1957) 

E Krause and A von Grosse, Die Chemie der metallorgamschen Verbindungen, p. 259. Bom- 
traeger, Berlin, (1937), Edwards Bros , Ann Arbor (1943). 

S O Lawesson, Arkw Kemi 11, 317 (1957); Chem. Abstr 52, 1135e (1958) 
u< " V. A Ponomarenko and G Ya. Vzenkova, Izvest Akad Nauk SSSR Otdel Khim. Nauk, 994 
(1957) Chem Abstr. 52, 4473 (1958) 
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exchange slowly with silicon tetraiodide at 130° in xylene solution.' 11 ’ Aluminium 
chloride, moreover, brings about a rapid redistribution of halogen atoms on silicon at 
elevated temperatures.' 1 ®’ 

What is desired here is to find out whether there is any perceptible halogen re¬ 
arrangement in a pure halosilane at moderately elevated temperatures and in the 
absence of metallic salts.* Furthermore, it might be that co-ordmatmg solvents of 
appropriate dielectric constant could bring about solvolytic dissociation of the 
halosilane at ambient or moderately elevated temperatures, producing such rearrange¬ 
ment. In view of the experiments on conductivity' 71 it seemed interesting to look into 
this point. 

The compound chosen for investigation was methyl bromodichlorosilane, 
CHgSiBrCljj, which was prepared by the brommation of methyldichlorosilane, 
CH 3 SiHCl 2 ,t a product of the reaction of methyl chloride with silicon. The prepara¬ 
tion turned out to be considerably more difficult than was anticipated, but 300 g 
eventually were made available for the study of halogen exchange. 


EXPERIMENTAL 


Preparation of CH,SiBrCl 2 

Addition of bromine to CH„SiHCI 2 at its boiling point, 41 , resulted in preferential brommation 
of the methyl group and a complex mixture of products When freshly-prepared 11 *’ anhydrous iron(III) 
chloride was used as catalyst, reaction occurred only at high concentrations of bromine and could not 
be brought to completion It was found necessary to use aluminium chloride as catalyst in order to 
achieve satisfactory brommation, despite the undesirability of its presence later and the difficulty of 
separating it from the product Combination of three methods for removal, in sequence, was found 
necessary inactivation of AlClj by addition of NaCI, flash distillation at reduced pressure, and 
fractionation m a twenty-plate column The following procedure describes the more successful runs 

Four grammes of aluminium chloride and 348 0 g (3 0 mole) of redistilled methyldichlorosilane 
were stirred together in a 500 ml three-neck flask, and 480 0 g (3 0 mole) of bromine were added at a 
rate sufficient to maintain reflux Completion of the reaction was indicated by persistence of the 
bromine colour } Twenty grams of dry powdered sodium chloride then were added, and the liquid 
distilled off immediately at room temperature The distillate was shaken with mercury to remove the 
small amount of distilled bromine, distilled at room temperature again to separate it from the mercury 
bromide, and finally subjected to fractional distillation in a vacuum-jacketed column packed with 
glass helices Fractions boiling at 86 5-88 0 were combined and re-fractionated, giving 166 1 g of 
CH„SiBrCl 2 , b p 86 5," a yield of 28 6 per cent based on CH„SiHCI e or 31 3 per cent based on Br, § 


* It would be expected that rearrangement would occur as the temperature of thermal dissociation 
is approached, but since the bond energies of Si-Br and Si—Cl bonds are high, 74 and~91 kcal 
respectively, 111 " this should be a distinctly separate kind of reaction 

t The authors are grateful to Dr W F Gilliam of the General Electric Company for a generous 
supply of this compound ° 

* ,n th,s example, decolonization of bromine stopped after addition of 454 g (2 84 mole) of Br 2 
The difference represents loss ot CH a SiHCI 2 carried off by evolved HBr In one run these vapours 
were condensed in a dry-ice trap and the CH,SiHCl, was returned to the flask after evaporation of the 
HBr, but the yield was not improved appreciably by this procedure 

§ The high-boiling material consisted in part of CH„SiBr 2 Cl and CH s SiBr s , both of which evolved 
bromine on standing These were formed by unavoidable halogen rearrangement during the refluxing 
with A1C1 S , the other product being CH 3 SiC 1 3 (which was recovered early in the distillation) 

111 0955)' NozARENKO and T V VoVK - Khm, Zhur 21,(1955), Chem Abslr 49, 13003b 

11,1 F C Whitmore, L.H Sommer and J R Gold,/ Amer Chem Soc 69,1176(1947) R O Sauer 
and E M Hadsell, Ibid 70, 3590 (1948) 

,,al £j£ BORN ’ Or S anosll ‘ c0n Compounds, p 90, Butterworth, London, Academic Press, New York 
(1960) 

1141 A. Pray, Inorganic Syntheses, Vol V, p 153 McGraw Hill, New York (1957) 



Halogen rearrangement in organosilkxm halide* 


m 

The same compound was prepared by the Kumada' 18 ’ by the redistribution of CH.SiCl, and CH*SiBr, 
with A1C1,; b.p. 86-5°. (Found;***' Halogen 77-60. .Calc, for CH,SiBrCl„ Halogen 77-78%). 

Refluxing of pure CH,SiBrCl,. 

Early experiments showed that CH,SiBrCl t purified as described above could be refluxed at 
atmospheric pressure in a vacuum-jacketed column (1-3 x 18-0 cm) packed with glass helicies for 
22 hr without change of boiling point In an effort to detect even minute quantities of CH,SiCl, 
(b.p. 65-7°) which might accumulate at the column head, an adiabatic column 1-0 x 120 cm packed 
with glass helices and fitted with a partial-takeoff head was used Thirty-five grammes of CH a SiBrCl,, 
purified as described, was stirred continuously in the stillpot and heated to reflux at atmospheric 
pressure for 43 hr During this time the boiling point fell only from 86-5 to 85-0°. At this point 3-4 g 
of distillate were taken off, and the boiling point rose at once to 86 3°, where it stayed during the next 
hour The 3-4 g of distillate had a halogen content of 78-71 per cent, calculated on the basis of 
2C1' IBr (theor. for CH,SiBrCls - 77 78 percent 

The same haiosilane, refluxed with toluene in a fractionating column packed with stainless steel 
helices, which had been used for many previous distillations of chlorosilanes and had a visible coating 
of metal chlorides, underwent marked rearrangement * Thirty-two grammes of CH,SiBrCl, (b p. 
86 3°, 77-45 per cent halogen) and 150 ml of pure, dried toluene were heated on an oil bath to which a 
vacuum-jacketed column (2 2 x 100 cm) was affixed. Using a total reflux-partial take-off head, the 
vapour temperature on total reflux became stable at 65°. Two milliliters of distillate were withdrawn, 
and the reflux temperature rose rapidly to 86° again Within 30 min the temperature had dropped 
once more to 65°, and another increment of several drops was removed, whereupon the temperature 
again rose rapidly This process was repeated until over 20 ml of distillate had been removed, with no 
change in the behaviour of the column 

Refluxing with basic solvents 

(1) N,N dtmethylformamide Tothe31 4 g of CH a SiBrCl a left in the all-glass fractionation assembly 
after the refluxing experiment, 3 g of HCON(CH,) s was added A white addition compound formed, 
not all of which dissolved on heating The first stable reflux temperature to be reached was 65-3°. 
Eight grammes of CH,SiCl, were taken off over a period of 2 hr, b p. 65 3-65 5°. (Found, Cl, 71-08 
Calc for CH a SiCl a , Cl, 71 17%) When 40 ml of bromocyclohexane was added to the stillpot as 
chaser and the distillation was resumed, solid addition compound condensed in the column and 
plugged it 

(2) N,N dimethylamline Nineteen grammes of C e H 5 N(CH s ), was added to 21 g of pure 
CH,SiBrCl, in the all-glass fractionation assembly. Distillation was begun and the following fractions 
were obtained 


Sample 

Wt (g) 

Boiling range 

Cl(%) 

1 

20 

64-65° 

69 69 

2 

28 

64-65° 

68 36 

3 

30 

64-65° 


4 

20 

65-5° 

69-66 

5 

0-9 

65 5-66 0° 

69 73 


After fraction 5 was taken, the experiment had to be terminated because solid co-ordination compound 
collected in the column and a green gelatinous solid collected in the stillpot 

(3) 1,4 dioxane Five grammes of C 4 H 8 O s (distilled from CaH a ) were added to 28 g of CH,SiBrCI, 
in the same apparatus There was no sign of reaction, but the reflux temperature dropped slowly to 
65 8° At very high reflux ratio, 3 8 g of low-boiling material were taken off at 65 8-66 0° over a 
period of 36 hr (Found, Cl, 70 96 Calc for CH a SiCl a , Cl, 71 17%) 

A second fraction, b p 66 0", 70 04% Cl, was taken off, and then the distillation was stopped. A 
sample taken from the stillpot was fractionally distilled in small-scale equipment, and 1 g of CH a SiBr ( , 
b p. 131°, was isolated (Found, Br, 83 59 Calc forCH a SiBr a , Br, 84 4%) 

* This experiment was conducted by Mr A L Lane in this Laboratory 

,15 ’ M Kumada,/ Inst Polytech Osaka City Univ, Set C 2, 131-8(1952); Chem Abstr 48 , U303f 
(1954) 

'**’ E G. Rochow, An Introduction to the Chemistry of the Silicones, (2nd ed.), p 165. J. Wiley, New 
York (1951) 
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141 a-Butvl ether. Using 38 g of (n-C 4 H,),0 (distilled from CaH.) and 161 g of CH s SiBrCl, in the 
same ^paratus, the reflux tem^rature dropped slowly to 66 0; m 20 hr. At ths temperature, 4 2 g 
0 f CH-SiClj were taken off. (Found, Cl, 68-97. Calc for CH a SiCl a , Cl, 71 17%) In another 

X iment, a much larger amount of the ether (250 ml) was added to 16-1 g of CH,SiBrCI, and 
ed A stable vapour temperature of 67° was reached, but removal of only 1 g of CH,SiC4 
caused it to rise swiftly. After 1 \ hr of further reflux, the temperatuie fell only 1 ° The contents of the 
column were washed back into the stillpot with warm butyl ether, and the distillation continued. An 
equilibrium temperature of 66-7“ again was reached at the head, but only 0-6 g of distillate (69-84% Cl) 
could be taken off at 66 7-68-0° before the temperature again rose 


CONCLUSIONS 

The catalytic effect of aluminium chloride in bringing about halogen exchange 
through an ionic mechanism is too well known* 12 - 141 to require comment here. The 
similar but weaker effect of transition-metal halides on the column packing is not 
surprising, in view of the known (but rather slow) exchange brought about by 
magnesium bromide. <8 - 10) Considering the undoubted presence of at least some 
transition-metal ions m glass, the possibility of forming surface layers of boron and 
aluminium halides on the surface of Pyrex, and the difficulty of separating the very 
last of the aluminium chloride from the methylbromodichlorosilane used in these 
experiments, the behaviour of this halosilane during the total-reflux experiment in 
all-glass equipment should be considered only as an approximation to the behaviour 
of the thoroughly pure substance. Extrapolation then would indicate that really pure 
CH 3 SiBrCl 2 does not undergo halogen exchange and rearrangement at its boiling 
point, 86-5°. 

In the four basic solvents used, methylbromodichlorosilane undergoes halogen 
exchange and subsequent rearrangement to methyltnchlorosilane and methyltribromo- 
silane. One plausible mechanism for this action is that of solvolytic dissociation to an 
ionic species, and this view is supported by the observation that the rate of rearrange¬ 
ment increases with the dielectric constant of the solvent * At the same time, a 
limitation on the process is imposed by the formation of solid coordination products 
by the more basic solvents, like N,N dimethylformamide and N,N dimethylaniline, so 
no quantitative relation to dielectric constant becomes feasible An alternative 
explanation is one similar to that of Allen and Modena, (17) who found rapid exchange 
between 36 C1 and R s SiCl in dioxane solutions of water or alcohols, and attributed it to 
release of chloride ion from a complex of the chlorosilane with the basic solvent. In 
the present instance, however, where no hydroxyl-containing liquid is present aTid no 
ions are demonstrable by conductivity, the Allen-Modena mechanism must be 
altered to a point where it differs little from one of solvolytic dissociation. 

* The dielectric constants at room temperature are dioxane 2 21, /i-Bu 2 0 3 06, C,H,N(CH,) t 4 48, 
and HCON(CH a ), 36 7 The rates of CH a SiCl a formation were from dioxane, 0-038 g/g“‘/hr* 1 ; 
from n-butyl ether 0 055 g/g _1 /hr~'; from dimethyl aniline, unknown, from dunethvltormamide 
0 J 28 g/g"'/hr 1 

11,1 A D Allen and G Modene J Chem Soc 3671 (1957). 
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TrtE REACTIONS OF METAL COMPLEXES WITH 
ALKYL HALIDES—1 

REACTIONS OF HALO(TRIPHENYLPHOSPHINE)MER(2URY(II) AND 
QUATERNARY HALOMERCURATE(II)COMPLEXES 

G. B. Deacon and B. O. West 
D epartment of Physical and Inorganic Chemistry 
University of Adelaide 

( Received 20 July 1961, in revised form 15 September 1961) 

Abstract—The conversion of haio(triphenylphosphine)mercury(Il) complexes to quaternary halo- 
mcrcurate(II) complexes by alkyl halides has been studied. Halogen exchange frequently occurs 
where the halogens of the reactants differ. Reaction between quaternary halomercuratcfll) com¬ 
plexes, and alkyl halides containing a different halogen, has been shown to occur. 

The conversion of di-iodoAis(p-dimethylarninophenyldimethyIphosphine)mercury(IT) 
and di-iodo6«(phenyldimethylphosphine)mercury(II) to the corresponding Wj(aryltri- 
methylphosphonium) tetraiodomercurate(II) complexes by methyl iodide in acetone 
has been reported.* 11 

(ArMejP)jHglj + 2Mel - [ArMe,P],Hgl 1 

We have studied the reactions with alkyl halides of the complexes (Ph 3 P) 2 HgX 2 and 
(Ph 3 PHgX 2 ) 2 * (where X is Cl, Br, I). The occurrence of halogen exchange in 
reactions where the halogens of the reactants differ has led to a study of the reactions 
of quaternary halomercurate(ll) complexes with alkyl halides. For comparison the 
reactions of quaternary halides and mercuric bromide with alkyl halides have also 
been attempted 

EXPERIMENTAL 

The iodo(triphenylphosphine)mercury(II) complexes were prepared by reaction between stoicheio- 
metric amounts of the phosphine and mercuric iodide in benzene and were recrystallized from the 
same solvent 

1 Di-iodobis(triphenylphosphme)mercury(Il) White microcrystalline powder, m p 246-247° 
(lit ,,) ca 250°) (Found- C, 44 0, H, 3 3, I, 26 4 Calc for C„H S0 P,HgI J : C, 441, H, 31; 
1,26 0%) 

2 Di-/i-iododi-iodobis(tnphenylphosphine)dimercury(II) White microcrystalline powder, m.p. 
242° (Found- C, 30 0; H, 2 25; 1,35-3; Hg, 27 9 Calc for C Se H, 0 P,Hg,I 4 : C, 3015; H, 21; 
1, 35 5, Hg, 28 0 %) 

Cltloro and Bromo(triphenylphosphine)mercury(II) complexes 

These were precipitated on mixing ethanol solutions of the stoicheiometric amounts of the mercuric 
halide and triphenylphosphine 

* The bromo and chloro complexes were assumed dimeric by Evans et al. ,n by analogy with the 
structure found for similar tnalkylphosphine and trialkylarsine complexes. The lodo complex is not 
sufficiently soluble in suitable solvents for determination of the molecular weight, 1,1 but is similarly 
written as the dimer 

a> R. C. Cass, G E Coates and R. G Hayter, J Chem. Soc. 4007 (1955) 

R. C. Evans, F. G Mann, H S Peiser and D Purdie, J. Chem. Soc 1209 (1940). 

G. B. Deacon and B O West Unpublished observations (1961); J. Chem Soc. 5127 (1961), 

1,1 G. V. Wittig and D. Wittenberg, Liebigs Ann. 606, 1 (1957). 
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1. DSbromobi»(tnphenyiphosphme)mcrcury(//) White powder, m p. 258-259° (Found: C, 48-2; 
H, 3’4; Hg, 22-7. Calc for C M H„P,HgBr,: C, 48 8; H, 3-4; Hg, 22 7%). 

2. Di-M-bromodibromobis(tnphenylphosphine)dimercury(II). White powder, m.p 251-252 
(lit.'*’240-250°) (Found: C, 34-8, H, 2-8. Calc for C„H„P,Hg,Br 4 : C, 34-7, H, 2-4%). 

3. Dichlorobi*(triphenylphosphine)mercury(U) Recrystallized from acetone, white needles, 
m.p.ca. 270° (lit.'*'273°) (Found: C, 53 8; H, 3 8 Calc for C„H, 0 P,HgCl,: C, 54-3; H, 3 8%) 

4. Di-/t-chlorodichlorobis(tnphenylphosphine)dimercury(ll) White powder, m p ca. 300-310° 
(lit 306-309°) (Found• C, 40 7, H, 3 05 Calc for C„H l0 P 1 Hg,CI,: C,40 5; H, 2 8%). 

Preparation of quaternary halomercurates 

All preparations were effected by reaction between stoicheiometric amounts of appropriate reagents 
(the specific reagents used are given in parenthesis after the name of the compound) in acetone The 
required complex was crystallized, generally after the addition of ethanol to lower the solubility, and 
recrystallized from acetone or acetone/ethanol 

1. Triphcnylethylphosphonium tribromomercurate(ll) (Ph s EtPBr—HgBr 2 ) White micro- 
crystalline powder, mp 136 5“ (Found - C, 32 7, H, 2 8, Hg, 26 9. Calc, for C ao H ao PHgBr a - 
C, 32 8. H,2 7, Hg,27 4%) 

2 Tnphenylmethylphosphomum dibromoiodomercurate(ll) (Ph,MePI—HgBr,) Cream plates, 
m.p. 137 5° (Found: C, 29 8, H, 2 4 Calc for C lt H„,PHgBr a I C, 29 8, H, 2 4%) 

3. Tnphenylmethylphosphomum bromodi-iodomercurate(ll) (Ph 3 MePI—HgBr a —Hgl 2 ) Pale 
yellow fine needles, m p 140° (Found C, 27 9, H, 2 2 Calc for C la H ls PHgBrI a - C, 28 1, H, 
2 - 2 %) 

4 Triphcnylethylphosphonium bromodi-iodomercurate(ll) (Ph,EtPBr—Hgl a ) Pale yellow 
microcrystalline powder, m p 93-94“ (Found C, 29 0, H, 2 5 Calc for C ao H ao PHgBrl a : C, 29 1. 
H, 2*4 %) 

5 Tnphenylmethylphosphomum tri-iodomercurate(ll) ([Ph a MeP] a [HgIJ—Hgl a ) Yellow 
needles, m.p. 146-146 5° (Found - C, 26 2, H, 2 1, Hg, 22 9 Calc for C„H 18 PHgI a : C, 26 55, 
H,21, Hg.23 4%) 

6 Triphcnylethylphosphonium tri-iodomcrcurate(ll) (PhjEtPI—Hgl a ) Yellow needles, m p. 
127 5-128° (Found - C, 27 3; H,2 3; Hg, 22 7, 1,43 7 Calc for C a „H a0 PHgI a C, 27 5; H, 2 3, 
Hg, 23 0; 1,43 7%) 

7. Bis(triphenylmethylphosphomum) tetraiodomercurate(II) (Ph a MePI—Hgl a ) Pale yellow 
plates, mp 172-173° (Found C, 37 1; H, 2 8 Calc for C as H a ,P a HgI 1 C, 36 1, H, 2 85%) 
Further recrystallization failed to improve the purity of the complex 

8 Bis(triphenylethylphosphomum) tetraiodomercurate(ll) (Ph a EtPHgl a —Ph„EtPl) Very 
small, pale yellow plates, m p 135-136" (Found. C, 36 9, H, 3 3 Calc for C^HjjPjHg^• C, 37 2, 
H.3-1%) 

Triphcnylethylphosphonium bromide was obtained by refluxing triphenylphosphine with excess 
ethyl bromide In a typical preparation triphenylphosphine (1 19 g) was converted to triphenylethyl- 
phosphomum bromide (0 87 g, 52 per cent), recrystallized from ether/ethanol, m p 204-204 5 ’ 
(lit 203 5°) (Found. C, 64 6, H, 5 5 Calc for C a „H ao PBr C, 64 7, H, 5 5%), after reacting 
with ethyl bromide for 10 hr 

Reactions of Halo(tnphenylphosphme)mercury{Il) complexes with alkyl halides 

The reactions were carried out by refluxing the solid complex (0 2-1 g) with a large excess of 
redistilled reagent grade alkyl halide (10-30 ml) In some reactions an additional solvent was 
employed If the reaction product was insoluble it was filtered off and recrystallized from acetone/ 
ethanol (except in the case of attempted reactions with ethyl bromide) If the product was soluble 
the solution was evaporated to dryness under reduced pressure and the residue recrystallized from 
acetonc/ethanol 

Methyl iodide 

In all reactions the yield was >90 per cent 

1 (Ph a P) a HgI a was refluxed as a suspension in methyl iodide for 2 hr The resulting pale yellow 
solid precipitated was bis(triphenylmethylphosphomum) tetraiodomercurate(II), mp and mixed 
m p. 172-172-5" (Found. C, 36 6, H, 3 1 %) The product was converted to the tn-iodomercurate, 
m p and mixed m p 146-146 5° (Found C, 26 4; H, 2 2%) by reaction with mercuric iodide in 
acetone The methyl iodide was evaporated and contained negligible solute 

2 (Ph,P Hgl a ) a dissolved on refluxing to give a yellow solution After 2 hr the solvent was 
evaporated and tnphenylmethylphosphomum tri-iodomercurate(II) was obtained, m p and mixed 
m.p. 146-146 5° (Found C, 26 8, H, 2 2 %) 
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3. (Ph,P),HgBr, was refluxed as a suspension for 1 i hr. The yellow precipitate was biaftriphenyl- 
methylphosphonium) tetraiodomercuratetll), m.p. 172°, mixed m.p. 171-5-172° (Found; <5, 27-0; 
H, 3’2%). Conversion to the tri-iodomercurate gave m.p. 145-5-146°, mixed m.p. 146° (Found: 
C, 26-3; H, 2-2%). 

4. (Th,P-HgBr t )j dissolved on refluxing to give a yellow solution. After 1 hr the solvent was 
evaporated and triphenylmethylphosphonium tri-iodomercurate(U), was obtained, m.p. 146°, mixed 
mp 146-146-5° (Found- C, 26-7; H, 2-4%). 

5. (Ph,P),HgCl a was refluxed with methyl iodide and acetone. After 5 min the bulk of the com¬ 
plex had dissolved to give a pale yellow solution, then slow precipitation 6f pale yellow crystals 
commenced. After 1 hr the volatiles were evaporated and bis(triphenyimethyiphosphonium) 
tetraiodomercurate(II) was obtained, m.p and mixed m.p 173-173-5° (acetone only) (Found: 
C, 36 9, H, 3-3%) Conversion to the tn-iodomercurate gave m.p. 146-5-147°, mixed m.p. 146-5° 
(Found- C, 26 45; H,2 2%) 

6 (Ph,P HgCl s ), dissolved on refluxing to give a yellow solution. After 2 hr triphenylmethyl- 
phosphonium tri-iodomercurate(II) was obtained, mp 146-146 5°, mixed m.p. 146° (Found: 
C, 26 5; H, 2-4%) 

Ethyl iodide 

Except in 1 , yields of crude product were >95 per cent 

1 (Ph,P),HgI, (0 96 g 0 98 mmoles) was refluxed as a suspension in ethyl iodide (25 ml) for 8 hr. 
The pale yellow precipitate was bis(tnphenylethylphosphonium) tetraiodomercurate(II) (l-03g, 
0 80 mmole, ca 80%), m p 126-130° (by direct synthesis, 135-136°), unaltered by further recrystal- 
lization (Found. C, 37 9; H, 3 6 %) Evaporation of the ethyl iodide yielded a small amount of 
pale yellow solid, not further investigated. 

2 (Ph,P HgIj), dissolved on refluxing to give a yellow solution After 2-5 hr the ethyl iodide 
was evaporated and triphenylethylphosphomum tri-iodomercurate(II) was obtained, recrystallized 
three times from acetone/ethanol, mp 131-133° (by alternate synthesis 127 5-128°) (Found: 
C, 26 9, H, 2 2, Hgl 2 *, 52 7 Calc for C 20 H 2 „PHgI,: Hgl„ 52 1%) 

3 (Ph a P HgBr a ), dissolved on refluxing to give a yellow solution The residue, after removal of 
the solvent, was impure triphenylethylphosphomum tri-iodomercurate(II), m p 124-124-5°. 0-402 g 
of impure product was decomposed by excess triphenylphosphine in ethanol to yield di-iodobis 
(tnphenylphosphine)mercury(II) (0 436 g 0 446 mmole, 97 per cent based on C 10 H, c PHgI,), m.p and 
mixed m p 248-249° (Found: C, 44 1; H, 3 2 %) as a precipitate The ethanol solution was evapor¬ 
ated to dryness, yielding triphenylethylphosphomum iodide (0178g, 0 426 mmole, 92%), 
recrystallized from acetone/ether, m p 166' (lit 161 164-165°), mixed mp 166“ (Found: C, 57 7, 

H, 5 0 Calc for C,„H 2 ,|PI C, 57 6, H, 4 8%), which was separated from unreacted tnphenyl- 
phosphine Refluxing the impure triphenylethylphosphomum tri-iodomercurate(II) from the original 
reaction with more ethyl iodide gave a purer product, mp 126-127° (Found. C, 27 2; H, 2 3; 

I. 440%) 

Reactions with ethyl bromide 

The complexes (Ph 8 P) a HgX 2 and (Ph s P HgX 2 )„ (where X is I, Br) were refluxed as suspensions 
in ethyl bromide Certain reactions were also attempted in the presence of benzene or acetone to 
ensure partial solution of the complexes In most of the experiments the bulk of the reactant was 
recovered unchanged from suspension by filtration, the results being given in Table 1 (nos 1-7). 
The filtrate from 2, 3,4,6, was evaporated to dryness, the residue obtained being primarily unchanged 
reactant m each case No more than a trace of product could be detected In expt. 8 the volatiles 
were removed m vacuo and the residue extracted with 3 ml cold acetone The bulk of the material 
was insoluble, and was unchanged reactant The soluble material was also primarily unchanged 
reactant 

(Ph,P) 2 HgBr 2 was also recovered substantially unchanged after refluxing with ethyl bromide tn 
benzene for 2 hr, m p 260-261° (Found C, 48 7, H, 3 5%) 

Reactions with n -butyl bromide 

1. (Ph s P) 2 Hgf 2 (0-53 g) was refluxed with n-butyl bromide. After 2J hr a pale 
brown-yellow melt formed. This solidified on cooling, and white crystals were 
deposited from solution After a further 1 1 hr heating, the product was a white 

* By decomposition of the cpmplex with excess triphenylphosphine giving a quantitative yield of 
(Ph,P) 2 Hgl 2 <*> 

A. Michaelis and H. V. Soden, Liebigs Ann. 229, 295 (1885). 
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crystalline suspension, which was filtered off (OSS g), m.p. 189-190°. On fractional 
recrystallization from acetone/ethanol, di-bromoto(triphenylphosphine)mercury(II) 
m.p. 258-259° and mixed m.p. 258° (after two recrystallizations from acetone), 
(Found: C, 47-9; H, 3-5 %) crystallized first, followed by a much smaller amount of 
white microcrystalline solid, m.p. 117-5-118° (after two recrystallizations from 

Table 1 —Attempted reaction of complexes with ethyl bromide 


Expt Complex fK,(g) ^diuS] 


Product Found (%) 

mixed - 

m p C H 


1 

(Ph,P),HgI, 

0 73 

6 

la] 

0-67 

249-250 

250 

— 

— 

2 

(Ph,P),HgI, 

0 56 

7 

[b] 

047 

247-248 

247-248 

43-8 

32 

3 

(Ph,P),HgI, 

040 

5 

M 

0 36 

247-247 5 

248-248-5 

442 

3-2 

4 

(Ph,P Hgl,)j 

0 14 

11 

la] 

0-10 

241-242 

241-242 

— 

_ 

5 

(Ph|P)«HgBr, 

0-44 

14 

l a J 

0 38 

258 

257-257 5 

— 

— 

6 

(Ph,P) e HgBr a 

0 37 

3 5 (c] 

0 33 

260-260-5 

258 5-260 

48 8 

36 

7 

(Ph,P HgBr s ) 2 

064 

13 

fa] 

0 62 

252-253 

252-253 5 

— 

— 

8 

(Ph,P-HgIj)a 

0 47 

6 

[c] 

0 41 

240 5-241 

240-240 5 

30 4 

22 


initial weight complex 
W s weight complex recovered (see text) 
a reflux with ethyl bromide 
b reflux with ethyl bromide in benzene 
c reflux with ethyl bromide in acetone 
* Nos 4, 8 recrystallized from benzene. Others as isolated. 


acetone/ethanol) (Found C, 36-5; H, 3-2%), not identified. When (Ph 3 P) 2 HgI 2 
(0-57 g) was refluxed with n-butyl bromide for 2 hr, the solid product (0-54 g) was 
iodine free and only gave one fraction on recrystallization, viz., impure (Ph 3 P) 2 HgBr 2 , 
m.p. 253°. 

2. When (Ph s P) 2 HgBr 2 (0-59 g) was refluxed with n-butyl bromide for 71 hr, a 
pale yellow-brown melt slowly formed. On cooling this became semi-solid, and was 
filtered off. After drying (80°) to remove solvent the product (0-71 g) did not com¬ 
pletely solidify. Considerable difficulty was experienced m crystallizing the product 
White crystals were eventually obtained from acetone/ethanol. The product ugain 
softened on oven drying to remove solvent, but solidified on cooling It analysed as 
tris(triphenyI-n-butylphosphonium) heptabromodimercurate(IJ), m p. 111-112° 
(Found: C.41-2, H, 3-8; P, 4-8; Hg, 20-5; Br, 29-4 Calc for C 66 H 72 P 3 Hg 2 Br 7 : 
C, 41-3, H, 3-75, P, 4-85; Hg, 20-9; Br, 29-2%). The weight of semi-solid product 
was in excess of that required for the formation of the heptabromodimercurate alone 
(0-64 g). Another compound must also be present, but has not been identified. 


Attempted reaction with iodobenzene 

(PPh.laHgl, (0 69 g) was refluxed with iodobenzene for ca. 2 hr. The compound dissolved but 
no yellow lodomercurate colour developed in the solution When the iodobenzene was removed bv 
distillation, a pale glue was obtained which could not be crystallized 3 


Reactions of quaternary tnhahmercurate(II) complexes with alkyl halides 

For reactions in absence of an added solvent, a considerable excess of alkyl halide (10-20 ml • 0 1- 
0-6 g complex) was employed. Where acetone was added 0 1-0 4 g complex was initially dissolved in 
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10 ml of acetone and 5 ml (nos. 1,2, 3, 5,8) or 10 ml (no. 6) of the alkyl halide was added. 
Except where stated the yields were 90-100 per cent. All products were recrystallized from 
acetone/ethanol. 

1. A solution of triphenylethylphosphonium tribromomercurate(II) in acetone and methyl iodide 
was refluxed. After heating for IS min, the initially colourless solution had become bright yellow. 
Evaporation of the solvent gave a residue of triphenylethylphosphonium tri-iodomercurate(II), 
m p. 127-127 5°, mixed m p. 127 5-128° (Found: C, 28 0, H, 2-8%). 

2. The same reaction occurred when a similar solution was kept at 25° for 1 hr. Triphenylethyl- 

phosphonium tn-iodomercurate(II) was obtained, m.p. 127-5-128°, mixed m.p. 128° (Found: 
C, 27 9, H, 2-6%). ' 

3. Triphenylmethylphosphonium dibromo-iodomercurate(H) reacted with methyl iodide in 
acetone in 1 hr at 25° to give triphenylmethylphosphonium tn-iodomercurate(n), m p. and mixed 
m p 146 5° (Found: C, 26-45; H, 2-3%). 

4 Triphenylmethylphosphonium bromodi-iodomercurate(II) was converted to the tri-iodomer- 
curate, mp 146°, mixed mp 146-146-5° (Found: C, 26 3; H, 2-2%) by refluxing with methyl 
iodide for 2i hr 

5 Triphenylethylphosphonium bromodi-iodomercurate(II) reacted with methyl iodide in acetone 
in 1 hr at 25° to give triphenylethylphosphonium tri-iodomercurate(II), mp 127-5-128°, mixed 
mp 128° (Found- C, 27 5, H, 2 4%) 

6 Triphenylmethylphosphonium tri-iodomercurate(II) (0 21 g) was refluxed with ethyl bromide 
in acetone for 2 hr and allowed to stand for 10 hr at room temperature The volatiles were removed 
in vacuo and 0 20g of a yellow solid, m p 143 5° was obtained. On crystallization from acetone/ 
ethanol the first fraction had mp. 143-5-144° (Found: C, 27-3; H, 2-5; I, 38-5; Br, 4-6%), the 
second had m p 143 5-144° (Found: C,270; H,27; 1,38 9; Br,4 3%. Calc for Ph.MePHgl,: C, 
26 5; H, 2-1; 1,44 4% Calc for Ph s MePHgBrI s - C, 28-1, H, 2-2; 1,313; Br, 9-9%). Theultra- 
violet spectrum in methanol of the first fraction in the region 240-320 m/. shows features intermediate 
between the spectra of [Ph„PMe][HgBrIj] and [Ph,PMe][HgIJ (Fig 1) 

7 Triphenylmethylphosphonium tn-iodomercurate(II) was refluxed with excess n-butyl bromide 
for 4 hr Partial solution of the complex occurred On cooling pale yellow crystals of triphenyl- 
methylphosphomum bromodi-iodomercurate(II) were obtained, m p. 140°, mixed m p. 139-140° 
(Found: C, 27 8, H, 2 2%) 

8 A solution of triphenylethylphosphonium tn-iodomercurate(II) (0 14 g) in acetone and ethyl 
bromide was maintained at 25° for 1 hr No colour change was observed When the solvents were 
removed in vacuo, the complex was recovered unchanged, m p 127-127-5°, mixed m.p. 128-128-5° 
(Found- C, 27 6, H, 2 6%) 

Reaction of mercuric bromide with methyl iodide 

1 Mercuric bromide was refluxed with excess methyl iodide for 10 hr A yellow residue was 
obtained after removal of the methyl iodide by distillation. Impure bromoiodomercury(II) was partly 
separated from unreacted mercuric bromide by ether extraction, recrystallized from the same solvent 
and obtained as a yellow microcrystalline powder still impure, m p 212-214° (lit 161 229°) (Found. 
Hg. 50 2, Br, 24 7, I, 24 8 Calc, for HgBrI. Hg, 49 2, Br, 19 6, I, 31 2%) 

2 A solution of mercuric bromide (0 184 g) in acetone and methyl iodide (10 ml and 5 ml respec¬ 
tively) was maintained at 25° for 1 hr When the solvents were removed in vacuo the residual solid 
(0 186 g) showed only a faint yellow colouration, hence very little halogen exchange occurred 

Reactions of quaternary halides with alkyl halides 

In all reactions ca 5 per cent of ethanol (v/v) was added to the system to increase the solubility of 
the quaternary halide The yields were near quantitative (>90 per cent) and all products were 
recrystallized from ether/ethanol 

1 Triphenylethylphosphonium bromide was converted to the iodide, mp 166 5-167°, mixed 
m p 166-166 5° (Found C, 57 0, H, 5 0%), by refluxing with ethyl iodide in acetone for 1 hr. 

2 A solution of triphenylethylphosphonium bromide (0 14 g) in acetone (10 ml) and methyl 
iodide (5ml) was maintained at 25° for 1 hr, Triphenylethylphosphonium iodide, mp 166-5°, 
mixed m p 166-166 5°, (Found C, 57-3; H, 4 8%) was obtained 

3 A solution of triphenylethylphosphonium iodide (0 11 g) in acetone (10 ml) and ethyl bromide 
(5 ml) was maintained at 25° for 1 hr. Triphenylethylphosphonium bromide, m p and mixed m p. 
203-204" (Found C, 64-7, H, 5 5 %) was obtained 

161 Handbook of Chemistry and Physics (39th Ed ), Chemical Rubber Publishing Co., Cleveland, 

Ohio (1957) 
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Ultra-violet spectra 

Ultra-violet spectra were measured in 1 mm silica cells, using a Unicam SP500 spectrophotometer. 
Reagent grade methanol was refluxed over and distilled from sodium hydroxide. 

Microanalyses 

Microanalyses were determined by the C SI R.O. Microanalytical Laboratories, Melbourne 
RESULTS AND DISCUSSION 

The reactions studied and the results obtained are collected in Table 2. The 
complexes (Ph 3 P) 2 HgI 2 and (Ph 3 PHgI 2 ) 2 react with methyl iodide or ethyl iodide to 
yield the corresponding triphenylalkylphosphonium iodomercurates. 

(Ph.PKHgl, + nRI - [Ph,RP]„Hgl„ hi! 
where n is 1 or 2, R is Et or Me 

The complexes (Ph 3 P) 2 HgX 2 and (Ph 3 P-HgX 2 ) 2 (where X is Cl or Br) are converted 
by methyl iodide to the corresponding triphenylmethylphosphomum iodomercurates 
The reactions involve halogen exchange* as well as quatermzation. 

(Ph,P)„HgX a + (n + 2)Mel - [Ph a PMe]„Hgl„ ta f 2MeX 

where n is 1 or 2. 

None of the bromo or iodo(triphenylphosphine)mercury(II) complexes react with 
ethyl bromide under reflux Addition of solvents to ensure partial solution of the 
complexes does not induce reaction, hence failure to react is not due to insolubility in 
ethyl bromide. 

(Ph 3 P) 2 HgI 2 undergoes halogen exchange with n-butyl bromide to yield (Ph 3 P) 2 - 
HgBr 2 . The quatermzation of the latter complex by n-butyl bromide requires a much 
longer time. The crude product from this reaction gave a compound with analytical 
composition corresponding to the complex [n-Bu—PPh 3 ] 3 Hg 2 Br 7 on recrystallization 
The formation of this complex is surprising, as the reaction of the analogous complex 
(Ph 3 P) 2 Hgf 2 with ethyl iodide yields a tetraiodomercurate Lattice energies evidently 
favour crystallization of the heptabromodimercurate rather than the tetrabromomer- 
curate. The weight of crude product obtained was in excess of that calculated for the 
formation of the heptabromodimercurate alone Probably triphenyl-n-butylphos- 
phonium bromide is also formed in the reaction 

Halo(tnphenylphosphine)mercury(ri) complexes react more readily with alkyl 
iodides than with alkyl bromides This can be attributed to two factors The bond 
energy of C—Br is greater than that of C—1, (7) and lodomercurate complexes are more 
stable than bromomercurate complexes 18 9) Though the presence of Hg—Hal bonds 
has been shown to facilitate C—Hal bond rupture, (10) the failure of (Ph 3 P) 2 HgI 2 to 
react with lodobenzene shows that the effect m this system is insufficient to cause 
quatermzation to occur lodobenzene does not react with triphenylphosphme 
directly (11) 

• Throughout this paper this term is used only to describe reactions in which the inter-changing 
halogens are different 

171 T L Cottrell, The Strength of Chemical Bonds Butterworths, London (1958) 

L, G Sill£n, Acta Chem Scand 3, 539 (1949) 

I Leden and J Chatt, J Chem Soc 2936(1955) 

11.11 R. Anantaraman, Bid! Central Research Inst Univ Travancore, Ser A, 3, 159 (1954). 

1.11 G M Kosolapoff, Organophosphorus Compounds, p 78 Wiley, New York (1950). 
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For the quaternization step in the reactions there are two possible mechanisms. 

(a) The complex dissociates to give a free triphenylphosphine molecule, which is 
quatemized by the alkyl halide. The halide’ion, so formed, complexes to give the 
halomercurate. Dissociation of halo(triphenylphosphine)mercury(II) complexes in 
ethyl bromide must be negligible, as the formation of the Ph s PEr i ' cation cannot be 
detected. Triphenylphosphine reacts significantly with ethyl bromide to form 
triphenylethylphosphonium bromide using comparable conditions. 

(b) The reactions proceed via co-ordinaftion of the alkyl htflitje with mercury 
followed by rearrangement of the intermediate, e.g., for (Ph 3 P) 2 HgX 2 (where X is a 
halogen), 

R 


Ph „ A Ph,PR + 4- X- 

* \ i / X . RX / 

Hg - Ph a PR+ 4 [PH.P-HgX,]- - Ph.p/ 4-HgX,- 

OL ./ V X 

Ph,P 


An analogous scheme can be written for (Ph 3 P-HgX 2 ) 2 complexes At present there is 
not sufficient evidence to decide which mechanism applies. The use of kinetic measure¬ 
ments to decide the mechanism would be difficult due to the low solubility of the 
halo(triphenylphosphine)mercury(II) complexes. 

Where halogen exchange occurs in addition to quaternization two reaction paths 
arc possible depending on which step occurs first, e.g , for (Ph 3 P-HgBr 2 ) 2 , 

Mel Mel 

Path I (Ph 3 P HgBr 2 ) 2 -> (Ph s P Hgl a ) a -* [Ph s PMe][Hgl a ] 


Path 2- (Ph,P HgBr,)j [Ph,PMe][HgBr 2 l] [Ph,PMe][Hgl 1 ] 

A 

The conversion of (Ph 3 P) 2 HgI 2 to a bromomercurate by n-butyl bromide must proceed 
by path 1, as the intermediate formation of (Ph 3 P) 2 HgBr 2 has been demonstrated. 
Intermediates have not been isolated m the reactions with alkyl iodides. The reaction 
A, and others similar have been shown to occur. They are summarized in Table 2, 
and may be represented by the equation 

M [HgBr„lj_„] 4- nMel - M[Hgl,] 4- nMeBr 

where n = 3, 2 or 1, and M is Ph 3 MeP or Ph 3 EtP. 

The reverse reaction does not occur readily. Under conditions similar to those 
which permit complete exchange between triphenylethylphosphonium tribromomer- 
curate(H) and methyl iodide, triphenylethylphosphonium tri-iodomercurate(Il) fails 
to react with ethyl bromide. Boiling ethyl bromide only induces slight bromination 
of tnphenylmethylphosphonium tri-iodomercurate(II). The more extreme conditions 
of the reaction using n-butyl bromide only introduce one bromine atom. 

We consider that the mechanism of these trihalomercurate/alkyl halide exchange 
reactions is a dissociation and recombination process of the following type, 

[HgX,]- ^ HgX, 4- X- (I) 

X- 4- RY — RX 4- Y- (2) 

Y- 4- HgX, ^ [HgX„Y]- ^ HgXY 4- X*, etc. (3) 

* Mixtures of (PMe 4 l[HgI a j and triphenylphosphine in methanol (ca 5 x 10~* M) have been 
examined spectroscopically, and show no evidence for the formation of the ion [Ph,P-HgI,] - , hence 
the dissociation should be complete, ls) 
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where X^Y and X, Y are Br or I. The dissociations represented by equations (1) 
and (3) are well known.' 8 ' 18 ’ Reaction (2) has been shown to occur readily under the 
conditions of the present experiments (Table 2), and has been the subject of consider¬ 
able kinetic investigation. (13) Tri-iodomercurate complexes do not react with alkyl 
bromides as extensively as the bromomercurates react with alkyl iodides, since the 
stability of iodomercurates is greater than that of the bromomercurates.' 8 w This 
factor favours equilibrium positions to the left hand side of equations (1) and (3) 
when X = I and Y = Br, and inhibits the further dissociation illustrated in equation 
(3), by which complete exchange could occur. In particular the species [HgI a Br]~ 
tends to dissociate into Hgl 2 and Br - rather than HgBrI and I - . Conversely when 
X — Br and Y = I, the greater stability of iodomercurates over bromomercurates 
favours equilibrium positions to the right hand side of equations (1) and (3), and 
the reactions can proceed to completion, Exchange between mercuric halides and 
alkyl halides does not provide an alternative route for substitution, as the direct 
exchange between mercuric bromide and methyl iodide occurs very slowly. The 



Fig 1 —Absorption spectra in methanol 

1 [Ph,PMe]HgI, 3 31 x 10-‘ M 

2 Reaction product of [Ph 3 PMe]HgI, and EtBr ca 2 6 x 10~ 4 M 

3 [PhjPMeJHgBrl, 3-66 x !0~* M 

1121 Y. Marcus, Acta Chem Scand 11, 598, 610 (1957) 

1111 e g J. B Conant, W R Kirner, R. E Hussey, J Chem Soc 47, 476 488 (1925); P. B D. 
de la Mare, L Fowden, E D. Hughes, C K Ingold, and J D H Mackie, J Chem. Soc. 
3169, 3173, 3177, 3180, 3187, 3193, 3196 (1955) 
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quaternary cations used in the exchange reactions are unaffected by the alkyl 
hahdes, and are not considered to be involved in the reactions. 

It is planned to extend these investigations to the reactions of analogous complexes 
of other transition metals. At present the reactions of the complexes (Ph 8 P),CdX 2 
(where X is Br or I) with alkyl hahdes are being studied. 

Ultra-violet spectra. The ultra-violet spectra of triphenylmethylphosphonium 
bromodi-iodomercurate(II), triphenylmethylphosphonium tri-iodomercurate(II), and 
the partially brominated product from the reaction of the tri-iodomercurate with 
ethyl bromide, have been measured m methanol (Fig. 1). The spectrum of the 
bromodi-iodomercurate(II) compound shows no feature that can be conclusively 
allocated to the presence of the [HgBrI 4 ]~ ion, thus the dissociation [HgBrI 2 ]~ ^ 
Hgl 2 + Br' must be considerable. The peaks at 261-262 mp, 267 rap and 274 m p 
are close to those given for the triphenylmethylphosphonium cation in ethanol. (14) 
The mercuric iodide band at 270-271 m p a5) is masked by the sharp changes in cation 
absorption in this region. The spectrum of the tri-iodomercurate is similar to that of 
tetramethylphosphonium tri-iodomercurate m methanol, UB) both complexes showing 
a maximum at 302-304 mp (fp M e 4 Hgr s = 1 ‘09 x 10 4 , Eph s Mci'Hg[ a ~ 1 08 x 10 4 ) due 
to the [Hgl 3 ]~ ion. The differences between the spectra are considered due to the 
absorption of the [Ph 3 PMe] + ion. The spectrum of the product from the reaction of 
[Ph 3 PMe](HgI 3 ] with ethyl bromide is intermediate between those of the tri-iodo 
and bromodi-iodo derivatives. The [Hgl s ]” band at ca 300 mp is still present, though 
weaker and slightly displaced, indicating that some substitution had occurred. 
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REVALUATION OF THE CONTINUOUS VARIATION 
METHOD AS APPLIED TO THE URANYL AZIDE 

COMPLEXES 

i 

F. G. Sherif and A. M. Awad 

Faculty of Science, Alexandna University, Alexandria, 

Egypt, U.A R 

{Received 5 July 1961, in revised form 28 August 1961) 

Abstract—The method of continuous variation is discussed critically, particularly when applied to 
solutions containing more than one complex The deformations in the curves obtained can be 
interpreted by following the contours of these curves at different wavelengths and concentrations. 
The presence of mono-, di- and tri-azido uranyl complex ions is revealed 

One of the general spectrophotometric methods by means of which complex formation 
m coloured solutions may be established, is the method of continuous variation of 
Job (1) . This method, as it is now applied, requires the plotting of Y values (the differ¬ 
ence between the total absorbance measured for each mixture and the absorbance of 
ions Corresponding to no reaction) vs. the mole fraction of the metallic ion. During 
our investigation of the uranyl azide <2) and other metallic azide complexes/ 31 we 
found that there is no difference between plotting the values of Y and plotting directly 
the measured absorbances, when the general contours of the curves in both cases are 
compared. When Vosburgh and Cooper* 4 ’ modified the method, they stated that if 
all wavelengths lead to the same result, then a single compound is formed and only 
one maximum (or minimum) in the curves will be obtained. When more than one 
compound is formed, the results obtained are dependent on the wavelength and for 
useful conclusions the wavelengths must be carefully selected. The stepwise formation 
of many complexes can be represented by 

A + «B = AB„ (1) 

AB„ + qB = AB n+ „ (2) 

in which A is a metallic ion and B is the ligand; n and q are the numbers of ligand 
molecules In order to get a maximum corresponding to a higher complex, such as 
AB n+a , the absorption contribution made by the lower complex AB„ was calculated 
using knowij stability constants and subtracted from the total assuming that Beer’s 
law would be obeyed for the lower complex. However, we think that the last assump¬ 
tion would be unlikely in case of highly dissociated complex ions. This might be why 
the method of continuous variation did not always give full information about 
complex formation and could only be relied upon for cases such as the formation of 
relatively stable complex ions whose absorption bands were widely separated from 

“> P. Job, C. R Acad Sci , Paris 180 , 928 (1925) 

1,1 F G Sherif and A. M Awad, J Inorg. Nucl Chem. 19, 94(1961). 

,SI F. G. Sherif and W M. Oraby, /. Inorg Nucl Chem 17, 152 (1961); H K. El-Shamy and 
F. G Sherif, Egypt J. Chem 2, 217 (1959) 

141 W. C. Vosburgh and G. R. Cooper, J Amer. Chem Soc. 63, 437 (1941) 
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each other and from that of the metallic ion, and that should conform to Beer’s law. 
Unfavourable conditions would lead to deformed curves. However, in our case, by 
following the contours of the curves at a wide range of wavelength and at different 
total concentrations, these deformations can be interpreted to show the possible 
formation of complexes of different molecular ratios. They may appear as one or more 
maxima, a shoulder or a kink in the same curve. Each maximum, shoulder pr kink 
should correspond to a certain coloured species, or to the interference of absorbance 
of one ion with the other. The relative intensities of these deformations may indicate 
the relative stabilities of the different ions at different concentrations of reagents, 
especially when measurements on a single solution are repeated after a certain time. 
A shoulder that appears at one concentration can grow up to a maximum by concen¬ 
trating the solutions, while the already present maximum might fade away to a 
shoulder or disappear completely. These changes might also appear when the shapes 
of the curves at different wavelengths and for the same concentration are compared. 
The appearance of a shoulder can be interpreted as a slight formation of a particular 
species at a certain concentration or as a weak absorbance at a certain wavelength. 
Likewise, an accompanying sharp maximum would mean a stable complex or one 
with a strong absorbance at a particular wavelength. For any concentration, the 
change in position of one 01 more irregularity in the curves would reflect the difference 
in stabilities of the different complexes. 

In this investigation, Job’s continuous variation method was applied to the uranyl 
azide system at different concentrations. The formation of different complex ions 
containing different ratios of uranium to azide was suggested. 

EXPERIMENTAL 

The preparation and analysis of the different solutions used, together with the experimental 
procedures applied were given in a previous article (2) A Unicam Spectrophotometer S P. 500, with 
glass cells 0 1 cm thick, was used. 

RESULTS 

The existence of a 1-uranyl'I-azide coloured species at a total concentration of 
0-016 M was confirmed previously' 21 by one sharp maximum at a mole fraction of 
0-5 for UOsj 2+ . In this investigation, the total concentration of uranyl and azide ions 
was kept constant at 0-08 M and the ionic strength at 0-224 by adding the required 
amounts of sodium perchlorate. Measurements were taken in the wavelength range 
of 370-470 m/t. Representative curves are given in Fig. 1. If the two maxima at the 
wavelength 380 m/i are extrapolated, a single maximum that lies at a mole fraction of 
0-33 for U0 2 ^ is formed and would indicate the formation of a 1-uranyl:2-azide 
complex. However, the maximum to the right of Fig. 1 falls at a ratio of 1:1-5 and 
can represent a mixture of 1 -1 and 1:2 complexes The other maximum, being at a 
ratio of 1:2-3, can be the result of a contribution of a slight formation of a 1:3 com¬ 
plex ion to the 1:2 form. Indications for higher complexes are clearer at shorter than 
at longer wavelengths as shown by the disappearance of the maximum at 440 ft. 

For the total concentration of 0-16 M, Fig. 2, the curves at 280, 390 and 400 /t 
possess definite maxima substantiating the existence of the 1:3 complex U0 2 (N 3 ) 8 - 
Shoulders corresponding to a ratio of 1:1 are also observed. As we approach longer 
wavelengths the maxima are reduced gradually. For the total concentration of 
0-32 M, Fig. 3, there is sufficient contribution from the 1:1 form to produce a definite 
asymmetry in the curves. As well as the sharp maximum at the 1:3 ratio at 400 ft, 
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Mole fraction U 

Fig. 3.—Continuous variation method, total concentration of uranyl and azide ions is 
0 32 M The ionic strength was kept constant at 0 896 

there is a well defined maximum at 440 m // for a 12 complex When the absorbancies 
of these solutions were measured after 24 hr, a shift in the position of these maxima 
towards lower azide ratio was observed while the shoulders representing the 1:1 form 
got clearer This indicates the relative stability of the mono-azido uranyl complex 
ion, U0 2 N 3 '. 

These data are generally explained by proposing the possible reaction of the 
TJO a *^ and N s ~ ions in a consecutive order, forming three types of complexes in 
aqueous solutions, where the ratio of UO, 2 ' to N 3 - varies from 1:1 to 1:3. The 
increase in concentration of both reagents leads to the formation and stabilization of 
higher complexes 
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THE SEPARATION OF LITHIUM ISOTOPES BY 
ION EXCHANGE* 

J. E. Powell >< 

Institute for Atomic Research and Department of Chemistry 
Iowa State University, Arnes, Iowa 

( Received 2 May 1961; in revised form 31 August 1961) 

Abstract —The single-stage separation factor for the separation of "Li and ’Ll by distribution between 
a solution of lithium acetate and the lithium form of a sulphonated styrene-divmylbenzene copolymer 
(Dowex 50 X24) has been measured by a method of frontal analysis. The value obtained was 1-0026 ± 
0-0003 The comparative merits of elution and displacement chromatography as means of resolving 
lithium isotopes have been discussed. 

Lee and Begun 11 ' recently summarized previous work related to the separation of ®Li 
and 7 Li by ion exchange. They examined the effect of crosslinkage (DVB content) of 
sulphonated styrene-divinylbenzene copolymers upon the ®Li- 7 Li separation factor 
and concluded that separation was promoted by dehydration of the lithium ion when 
it was sorbed by the resin Sorption of lithium ions on resins of low crosslinkage, 
which imbibe water freely, produced almost negligible separation effects. As cross- 
linkage of the resin increased and the water content decreased, a substantial increase 
in the ®Li- 7 Li separation factor was observed. It rose from 1-0006 for X2 resin to 
1-0038 for X24 resin Lee (Z) also proposed that the hydrating tendency of co-sorbed 
ions directly affected the ®Li- 7 Li separation factor. Indeed, his data showed that « 
for the separation of lithium isotopes increased as the heat of hydration of the co¬ 
sorbed ion increased With XI6 resin a was observed to be 1 0023 with NH 4 + as the 
co-sorbed ion and about 1 -005 with Al 3+ or Cr® + . 

DISCUSSION 

Elution of a given ionic species down an ion-exchange bed charged with some 
counter ion by means of a salt solution of that counter ion is the simplest case of 
elution chromatography Under such conditions a bell-shaped elution curve is 
generally obtained, and, as the elution distance increases, local non-equilibrium 
between the solution phase and the resin causes the band to spread and the concentra¬ 
tion maximum to diminish Diffusion processes and channeling also contribute to 
this effect. Because of the bell-shaped character of the elution curve the greatest 
enrichment is found where the sorbate concentration is lowest. Consequently, isotope 
enrichments by elution chromatography are notoriously inefficient from the viewpoint 
of chemical economy. 

A distinct advantage of displacement chromatography over elution chroma¬ 
tography is the change of the elution curve from bell-shaped to nearly rectangular. 
Another is the increased utilization of column capacity. This type of elution is 

• Work was performed in the Ames Laboratory of the U S. Atomic Energy Commission. 

<1 ’ D. A. Lee and G M Begun, J. Amer Chem Soc. 81, 2332 (1959). 

181 D. A. Lee, 7. Amer, Chem Soc 83, 1801 (1961). 
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obtained when the front and rear displacement reactions both have favourable equi¬ 
librium constants. 

nA" + + mB"+ ?£ "A m+ 4- mB"+; Ki > l (I) 

oB" + + /iC 1 * +£ oB n+ + nC»+; Kii > I (II) 

The barred symbols refer to the resin phase and the unbarred symbols refer to the 
aqueous phase in these equilibria. That is to say, the order of affinity of the resin for 
a given ion increases from ion A m+ (the retaining ion) to ion B n+ (the sorbed ion 
species being eluted) and to ion C 0+ (the driving ion of the eluant). The larger the 
respective equilibrium constants, the more rectangular becomes the elution curve. 
According to Spedding et al. i3> 

log (B/A), = (/- 0 log a + log (B/A), (1) 

The symbols / and i are arbitrary plate numbers where the concentration ratios 
(B/A), and (B/A), are observed, and a is the separation factor. For a million-fold 
change in the concentration ratio, 

(/_,) = 6 /l°gi 0 « (2) 

The major problem encountered in the elution of lithium by displacement chro¬ 
matography is that of providing a suitable retaining ion for lithium Sulphonated 
styrene-divinylbenzene copolymer has the least affinity foi lithium; so, while lithium 
is displaced cleanly from a resin bed by any other cationic species, a means must be 
provided to promote Tedeposition of the lithium Redeposition is readily brought 
about by use of hydrogen ion as the retaining ion if the eluant is a salt of a weak acid. 
Although the equilibrium constant for the reaction 

u*- | H+ (III) 

is slightly less than unity, the formation of a weak acid assures a sufficiently large 
separation factor to provide a steep concentration gradient at the leading edge of the 
lithium band. In the presence of an anion of a weak acid • 

a [^iUH + ] 1- [HA]} [1>}[H+]{1 + AVJA-]} . 

[H + ][Li f ] “ [H h ][Li + ] 

If the anion is acetate, then, 

«-A (l . x {l + AhJA-]} ss 10«[A-] 

EXPERIMENTAL 

An experiment was carried out at this laboratory in order to determine the separation factor for 
•Li and 7 Li distributing between 0 5-molar lithium acetate and saturated lithium state Dowex 50-X24, 
a sulphonated styrene-divinylbenzene coplymer A bed of 100-200 mesh resin, 120 cm long and 2 54 
cm in diameter ahd originally in the hydrogen cycle, was saturated with Li' from a 0 5 molar solution 
of lithium acetate When the lithium-ion breakthrough occurred, the effluent was collected in fractions 
which were first analysed gravimetncally for lithium content (converted to anhydrous LiCl and 
weighed in fused silica ware) and then assayed mass-spectrometncally for 6 Li and ’Li (after conversion 
to Lil by careful evaporation with HI). The flow-rate during saturation of the bed was maintained at 
about 90 ml per hour. A depletion of *Li in the effluent lithium acetate occurred in the first four 

F H. Spedding, J E Powell and H J. Svec, / Amer Chem. Soc 77, 6125 (1955). 
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samples (360 ml) collected after breakthrough and the *Li-’Li ratio returned to normal 4 hr after the 
first lithium was detected at the bottom of the column. The value of e was determined as follows: 


s 


. £ yfi&. - *,) 
ft G* 


0 0026 ± 0 0003 


where a = the *Li-’Li separation factor. 

V, = the volume of the /th fraction collected (in litres). 

C { = the molar concentration of lithium in the ith fraction. 
K t = the ratio of *Li to ’Li in the ith fraction. 

R, = the ratio of ‘Li to ’Li in the original lithium acetate. 
Q = the total capacity of the resin bed in equivalents 


(5) 


CONCLUSIONS 

In a situation where there is a scant supply of water, as in a highly crosslinked 
ion-exchange resin, three singly charged ions might be expected to be nearly as 

effective as a single triply charged ion at orienting solvent molecules. Hence there 

appears to be little advantage in using sorbed co-ions in the separation of lithium 
isotopes by displacement chromatography. 

It is not difficult to devise a system whereby lithium can be co-eluted with a 
polyvalent cation under conditions where simultaneous band displacements occur. 
One such system involves elution of an equimolar mixture of lithium and erbium down 
a bed of H + -state resin by means of an eluant solution which is 0-015 molar in both 
(NH 4 ) 3 Cit and NH„OH(pH == 8-8—8-9). A ratio of three equivalents of erbium to 
one of lithium is maintained by the following reactions which occur at the band 
boundaries. 

(NH 4 ),Clt + NH,OH + Er* + f Li li + + ErCItOH" + 4NH 4 + (IV) 

Li + + ErCItOH- H 4H+ sps L> + E7»+ + H.Cit + H.O (V) 

In a situation like this where lithium occupies only one-fourth of the exchange 
.sites, the value of e would have to be four times as large as in the simple elution of 
lithium ion by displacement chromatography m order to just break even in terms of 
chemicals expended per mole of lithium resolved into its isotopic constituents. This 
is a consequence of the fact that the consumption of chemicals is directly proportional 
to the product of the number of band displacements required and the length of the 
sorbed band, while the minimum number of displacements required is inversely pro¬ 
portional to e (3) Comparing the isotopic separation factor for simple elution of 
lithium by displacement chromatography (1-0026) to the best factor obtained by Lee 
in the presence of triply charged ions (1-005), it is apparent that co-elution of lithium 
and multiply-charged 10 ns is impractical. 

Actually, the prospect of separating lithium isotopes by elution of lithium down a 
hydrogen-state resin bed by displacement chromatography with ammonium-acetate 
solution is rather promising. Making use of the equation, 

v — (1 4- eN 0 )le ~ = 1/e (when e < 1), (6) 

and the abundance of 6 Li in natural lithium sources, one concludes that the isolation 
of one mole of 8 Li (6 g) requires the expenditure of approximately 5000 mole (85 kg) 
of anhydrous ammonia and perhaps 10,000 equivalents or 5000 mole (500 kg) of 
sulphuric acid, the hundred per cent excess of acid required for regeneration being due 
to a somewhat unfavorable equilibrium constant for the displacement of ammonium 
ions by hydrogen 10 ns. 
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It is of interest that the effluent solution during most of the elution process contains 
only acetic acid. This effluent solution can be restored to its original form simply by 
bubbling in gaseous ammonia until a pH corresponding to ammonium acetate is 
reached. The solution can then be reused as eluant. Consequently, very little 
ammonium acetate need be expended and the consumption of water depends primarily 
upon the concentration of the acid regenerant chosen. 

Acknowledgements —The author is indebted to Dr. H Svec and Mr A Andbrson of the mass- 
spectrometric group for the determination of *Li- J Li ratios 
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SYSTEM IN PERCHLORIC ACID 
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Abstract—Systematic investigations are reported on the isotopic exchange in the cobaltous-cobaltic 
system using cobalt-60. Ammonia and ethylenediamine were found to be satisfactory quenchers 
of this fast exchange, even though some zero-time exchange was observed. In the concentration, 
range studied the reaction was found to be of the first order with respect to each reactant. At a high 
fixed ionic strength (3-1), variation of perchloric acid concentration from 0-25 F to 0-7 F showed an 
inverse first-order dependence. Possible mechanisms for the exchange are discussed. 

Several studies* 1 ’ 2 ’ 3 * have been reported on the isotopic exchange between different 
oxidation states of metal ions in aqueous solutions. However, the information 
available on Co(II) a q-Co(IlI)aq system is rather meagre and requires clarification. 
McCallum * 41 reported some preliminary observations on this system, while Bonner 
and Hunt* 5 - 8 ’ studied the dependence of the exchange on certain parameters. The 
latter work suffers from a number of limitations, e. g. 

(i) it does not show whether the exchange rate is independent of the quencher 
employed ; 

(li) the exchange was found to follow an overall second-order rate equation, but 
Stranks and Wilkins * 71 have pointed out that in such reactions it is advisable to 
determine the order with respect to each of the reactants; 

(lii) the results of Bonner and Hunt on the inverse dependence of the exchange 
rate on hydrogen ion concentration can be explained either by the participation of 
hydrolysed species or by the variation in activity coefficients. Furthermore, their 
results on the effects of heavy water and ionic strength would bear closer investigation. 

The experiments described here commenced long before the publication of the 
paper of Bonner and Hunt* 9 ’, and our results clear up many of the above points. 
Probable mechanisms are also suggested. 

EXPERIMENTAL 

The reagents used were of the purest grade available, and the tracer employed was *°Co. Cobaltic 
perchlorate was prepared by electrolytic oxidation of the corresponding cobaltous salt in perchloric 
acid. The reactants were prepared afresh periodically to avoid hydrolysis and decomposition 
The method for quenching and chemical separation described by Bonner and Hunt* is rather 
lengthy, and a simplified rapid procedure developed by the authors for quenching and separation 
is described below. 

The temperature of the reaction was maintained at (M) d- 0-2X by using crushed ice in a Dewar 

C. B. Amplett, Quart Rev, 8, 219 (1954). 

1,1 R. R. Edwards, Ann Rev Nucl Set, 1, 301 (1952) 

F. Basalo and R G Pearson, Mechanism of Inorganic Reactions, pp 303-331 J. Wiley, New 
York (1958) 

**’ K. J. McCallum, Brookhaven Nat. Lab Chem. Conf. No. 2 BNL-C-8 (1948). 

111 N A Bonner and J P Hunt ,J. Amer Chem Soc 74,1866(1952) 

1,1 N A. Bonner and J P. Hunt, J Amir. Chem Soc. 82, 3826 (I960). 

,7> D R. Stranks, and R. G Wilkins, Chem. Rev 57, 743 (1957) 
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flask. Predetermined volumes of the prepared cabal tic and cobaltous perchlorates were added to 
a known volume of perchloric acid sodium perchlorate solution. After allowing 15 mm for the 
temperature to stabilize, “Co tracer (as Co(n)) was added to the mixture and the time ot addition 
taken as the zero time. The final total volume was always 50 ml Two ml aliquots of the reaction 
mixture were pipetted at suitable intervals and rapidly transferred into 20 ml of the quencher (01 F 
ethylenediamine dihydrochJoride, containing sufficient alkali to make the final auenched mixture 
0-15 F with respect to the alkali). In some experiments 0-4 F ammonia was used as an alternative 
quencher. The quenched reaction mixture was then acidified with hydrochloric acid to pH ~ 3, to 
allow the separations to be done at leisure without oxidation or reduction taking place in the system 
during storage. No effect of storage on the exchange rate was found up to three days. 

One ml of 6 F hydrochloric acid and 5 g of ammonium-thiocyanate were added to the quenched 
solution, which was then extracted thrice with 1 • 1 (v/v) amyl alcohol-ether The two phases were 
separately collected in two volumetric flasks. The extraction efficiency was 98 ± 1 per cent. 

The concentrations of the reactants m the original reaction mixture were determined spectro- 
photometncally using a Beckmann DU instrument. Cobaltous ion was determined by the thiocyanate 
method'*\ and cobaltic ion by oxidation of ferrous ion and measurement at 2250 A of the equivalent 
amount of feme ions formed. The course of the exchange was followed by measuring the y-activity 
of “Co, distributed in the two phases on a NaI(Tl) scintillation counting assembly. 

RESULTS 

The principle involved in quenching is the conversion of the rapidly-exchanging 
Co(Il)aq—Co(Ill)aq system into the very slowly-exchanging complex systems. With 
this end in view, only those reagents were tried which could be used homogeneously and 
which did not need specific pH conditions for rapid and efficient complexing. Among 
the complexing agents tried were acetylacetone, ethylenediamine tetra-acetic acid, 
ammonia and ethylenediamine, and only the last two were found to be satisfactory 
quenchers which fulfilled the above conditions. 

The fraction of the activity exchanged was determined at different times with the 
results shown in Fig 1. It will be seen that the plots of log (1 — F') against t are 
straight lines. The parallel lines A and B refer to the lower cobalt concentration 
using ammonia and ethylenediamine as quenchers respectively: at the higher cobalt 
concentration the points obtained with the two quenchers lie on one line C. The 
results indicate that the nature of the quencher and the concentration of the reactants 
influence the zero-time exchange. The half-time of exchange is not affected by the 
quencher, since the slopes of the plots for ammonia and ethylenediamine using the 
same cobalt concentration are identical, showing that these values of f 4 are correct ones. 

Fig 2 shows typical straight lines obtained when log R is plotted against log C, 
R being the rate of exchange and C the concentration of Co(ll) at constant Co(lII) 
concentration and vice-versa. The slopes of the straight lines give directly the order 
of the reaction with respect to each of the reactants The order was determined 
at various concentrations of reactants (03 x 10 -s to 4-0 X I0~ 3 F), acidities (0-25 
to 3-0 F HCI0 4 ) and ionic strength (0 25 to 3-0 n), and its value was found to be 1 with 
respect to each reactant within this range of conditions. As such the exchange is 
an overall second-order process. 

Biedermann and SlLLAN (9, have shown that replacement of sodium ions by hydro¬ 
gen ions up to 0-6 F at a total concentration of 3’0 F sodium perchlorate does not cause 
any variation in the activity coefficient of the acid Advantage was taken of this 
observation to make definitive experiments on the acid dependence of the exchange 
at an ionic strength of 3-0. The results shown at A in Fig. 3 clearly indicate an inverse 
first-order dependence of the exchange rate on the hydrogen ion concentration. The 

Hoag, Nuclear Reactor Experiments, p. 429. Van Nostrand, Princeton, New Jersey (1958). 

G. Biedermann and L G Sillen, Arkm. For Kemt, 5, 425 (1953). 
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straight line shows an appreciable intercept, indicating the simultaneous presence 
of an acid-independent path for the exchange. Also shown at B is a similar plot for 
a heavy water medium. The rates of exchange by both the acid-dependent and acid- 
independent paths appear to be lowered by a factor of ~2 in heavy water compared 
with those in light water. 



Fid. 1.—Effect of different quenchers on exchange rate. 

A, B Co(II) = 0-7 X 10'» F, Co(III) = 0 65 
X 10- 8 F, HCJO, = 1 0 F, = 12 min, 

/< = l’O. Temperature = 0 0°C. 

C Co(If) = 2-39 X 10"* F, Co(III) = 0 45 
X 10-’F, HCIO, = 10F -= 5-7 mm, 

H = 1 0. Temperature = 0 0°C. 

In order to determine the variation of the exchange rate with ionic strength, two 
sets of experiments were carried out using sodium and lithium perchlorates. The 
results for sodium perchlorate given in Table 1 indicate that there is an increase in 
the exchange rate with increasing lomc strength. Similar results were obtained with 
lithium perchlorate. 

DISCUSSION 

The data presented in the preceding section show that the reaction is of first 
order with respect to each reactant, with an inverse first-order dependence on hydrogen 
ion concentration together with a simultaneous acid-independent path. The reaction 
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Table 1.—Effect of variation of ionic strength on exchange rate 
Concentration of total cobalt l'2x 10~* F 
Concentration of perchloric acid 0-28 F 
Ionic strength adjusted using sodium perchlorate 
Temperature 0 0 ± 0-2“C 


Cone, of 

Ionic 


Velocity 



NaCI0 4 

(F) 

strength 

ip) 

0 I 6/1 

constant 
(It, F~‘ min’ 1 ) 

logic 

logic — 016 n 


0-43 0 71 011 54 1 73 3-62 

0-86 1 14 0 18 68 1 84 1-66 

1 30 1 58 0 25 76 1 88 1-63 

1 73 2 01 0 32 107 2 03 1 71 

2 65 2 93 0 47 131 2 12 1 65 

3 43 3 71 0 59 177 2 25 1 65 

4-19 4 47 0 72 244 2 37 1 67 



Concentrolton C X I0 4 F 

Fig. 2 —Determination of m and n in the equation 
R = it[Co(II)MCo IIIJ" 

A. Co(II) = 0 68 x 10- J F, HCIO, = 10 F, 

/I = 1 0 Co(III) varied from 0 6 x 10~ s 
to 3 6 x 10-> F, n = 0 93 ± 0 08 
Temperature = 0 0”C 

B Co(lII) = 0 53 x 10 » F, HCIO* = 1 0 F, 

7* — 1 0 Cofll) varied from 0 23 x 10~’ 
to 4 17 x 10~* F, m = 0-96 ±007 
Temperature = 00“C 
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m 


can thus be expressed by an equation of the type: 

* = (Cofli)XCo(ni))[ a + ^] (i) 

where a and b are constants. An inverse acid dependence indicates the participation 
of hydrolysed species in the exchange. While the hydrolysis of Co®+ can be neglected 



Fig. 3 —Effect of variation of acid concentration on exchange rate. 

A Solvent: light water Co = 0 53 x 10 _ * F 
HCIO, varied from 0 25 to 0 78 F, ft = 3-0 
a — 61 F" 1 mm -1 , b = 27 min -1 
B. Solvent, heavy water Co = 1 0 x 10~* F 
HCIO« varied from 0 24 to 0 76 F, ft = 3-0 
Temperature 0'0°C 
a = 28 F -1 min -1 , b = 14 mm -1 

under the working conditions, Sutcliffe and Weber (10) have shown that Co 3 * 
partially exists as CoOH 2- . Hence the exchange may occur through the following 
two paths: 

A: *Co 2 + + CoOH 2+ ^ Co 2+ + *CoOH 2 + ^ 

B: *Co 2 + + Co a+ - % Co 24- + *Co 3f k 2 
It can be easily shown that if these are the most important paths under the working 
conditions the exchange rate is given by 

R = (Co(II))(Co(III))[k 2 + (2) 

ll ” L. H. Sutcliffe and J R. Weber, Trans. Faraday Soc 52, 1225 (1956). 
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where K h (~4 x 10~ 3 at 0°Q, the first hydrolysis constant of Co’*, is much less 
than (H + ). A comparison of equations (1) and (2) shows that a — k % and b — k x K h . 
Sutcliffe and Weber™ have postulated that Co(III) species also exist as the dimer 

(Co _o— -Co) 44 -. Equation (2) for the exchange rate is valid even if the dimerization 

constant is 100 times more than the hydrolysis constant. 

In aqueous solutions, the cobaltic species CofHjO)^ and Co(H 2 0) 6 OH 3+ are 
spin paired while the cobaltous species Co(H 2 0) 6 ^ is a spin-free complex. The 
observed rapid exchange in the case under consideration compared with systems 
involving most other cobaltic complexes suggests that these aquo-complexes are 
rather easily transformed into the spin-free state. Friedman et al m ., on the basis 
of magnetic susceptibility data, have postulated a vibrational activation energy of 
4 kcal for this rearrangement. Once the reactants and products are in similar electronic 
and geometrical arrangement, exchange can occur with ease through a bridge mecha¬ 
nism. 

For the acid-dependent path, two possible mechanisms can be visualized for the 
exchange. 

Co** f CoOH*+ --a (Co—O—Co) 3 * + H* (I) 

H H H 

(HjO),Co* *— 0 / + O—Co* + (H 2 0)h 5=* (HjOIjCo**—O H (2) 

H--i—Co 2 +(H,0), 

Mechanism (1) is a modified form of the equilibrium that has been postulated for 
the Co(III) dimer in perchloric acid solutions, while (2) is similar to the one proposed 
by Hudis and Dodson' 13 ’ for the aqueous Fe(II)—Fe(III) exchange. There is no 
conclusive evidence for the existence of the dimer (Co—O—Co)^ and therefore 
mechanism (1) is a speculative one. The isotopic effect observed when heavy water 
is substituted for light water cannot serve as a distinguishing pointer between these 
two mechanisms as both of them are expected to show similar isotope effects. In 
the acid-independent exchange, a mechanism similar to (2) is ruled out on crystal 
field and enthalpy considerations (M * 

An alternative mechanism,' 15 ’ which may operate in systems like the present one, 
is based on the coupling of the hydration shells by hydrogen bonding, which makes 
it easier for direct electron transfer in certain systems The hydrogen bonding may 
take place as shown below • 

H H 

I I 

(H 2 0),Co s +—O—H O—Co*+(H,0), 

H 

In this mechanism the observed D 2 0-H 2 0 isotopic effect may be due to the difference 
in the stretching of the O—H or O—D bonds 

In the present case, the overall picture suggests an H- or O- atom bridge mechanism 
for the acid-dependent path and a true electron transfer for the acid-independent path. 

The effect of varying the ionic strength on the velocity constant was studied to 

(11I L H. Sutcliffe and J. R Weber, J Inorg Nucl Chem 12,281 (1960). 

llJi H L Friedman, J P. Hunt, R. A. Plane and H. Taube, J Amer. Chem Soc 73, 4028 (1957). 

"*’J. Hudis, and It W. Dodson, / Amer Chem. Soc 78,911 (1956). 

1141 J Halpern, and L. E. Opoel, Disc Farad. Soc No. 39, p 7 (1960). 

*“’D. R Stranks, Modern Co-ordination Chemistry, p. 78 Interscience, New^York (1960) 
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determine the product of the charges of the interacting species. Since the ionic 
strengths involved were high, the extended Debye-Huckel equation 

log k = log k 0 + 2 - j^^ + Q* 

was employed. Using the values of C determined by Nasanen 19 for lithium and 
sodium perchlorate media, the results given in Table 1 show that (log k — C/i ) is 
nearly constant, i.e. the plot of [ft* 1(1 + Bf^)\ vs 0°gk — C//) ' is, a straight line 
of zero slope. In other words (Z A Z S ) is zero. This indicates that the charge on at 
least one of the reacting species, probably the cobaltic ones, tends to become zero 
in solutions of high perchlorate ion concentration as a result of appreciable per¬ 
chlorate complexing 

Acknowledgement —The authors would like to thank Dr K S Venkateswarlu for helpful discussions. 
11,1 R Nasanen, Acta. Chem Scand 3, 959 (1949) 
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ION EXCHANGE EQUILIBRIA IN THE PRESENCE 
OF ORGANIC SOLVENTS—I 

THE INFLUENCE OF ORGANIC SOLVENTS ON THE 
DISTRIBUTION CONSTANT ,OF PRASEODYMIUM 

f 

C. Grigorescu-Sabau 
I nstitute for Atomic Physics, Bucharest, Rumania 

( Received 8 August 1961) 

Abstract—A systematic study was made of the influence of the addition of organic solvents on the 
distribution coefficients of praseodymium between the resin KU, in H-, NH,-, Na- and K-forms) 
and solutions containing HC1, organic solvent and H,0. 

It was observed that the organic solvents do not influence the character of the reaction between 
cations and resin but only modify the value of the ion-exchange constants. 

Several papers describe studies of the distribution of alkali metal ions between 
different resins and solutions containing methyl alcohol, ethyl alcohol or acetone, u-4) 
and Sakaki and Kakihana <6 > have extended these studies to include alkaline earth 
metals. Panchenkov et al. m have made a systematic study of the influence of the 
above solvents on the uptake of alkali metals in the presence of different anions 
(SO. 2- , Cl - , I - ) on different resins (SBS, SDV-3, Espapit-1), and have also measured 
the change in K d as the dielectric constant of the medium is changed. In 1961 Rusi 
and Ionescu (7) studied the influence of acetone on the uptake of the trivalent ions 
cerium (III) and praseodymium (III). 

In all cases the distribution coefficient K d varied linearly with the concentration of 
the organic solvent, increasing as the latter increased. This dependence was explained 
either on the basis of decreasing hydration of the ions or on the basis of the formation 
of oxonium complexes. 

The present paper reports a systematic study of the influence of various organic 
solvents upon the distribution of praseodymium ions between resin and solution, with 
the aim of following the mechanism of ion exchange in the presence of various organic 
solvents and on resins in different forms. 

EXPERIMENTAL 

The procedure was the same as that described previously. 1 '-*’ Solutions were shaken in contact 
with the resin for 6 hr at 20°C The Russian resin KU, (sulphonated polystyrene), particle size 
approximately 0 43-0-25 mm, was used; 14, Pr (rj = 13 5 days) was added to a solution of PrCl, 
containing 0 000969 etjuiv. Pr, pH = 2-1 

111 G. Vioner, hbranie raboti, Moskva, Izd A N. SSSR., 1941, p. 109. 

1,1 T. R. Kressman and J. A Kitchener, J. Chem. Soc 1211 (1949). 

S. L. Bafna J. Set. Industr. Res. 12, 613 (1953). 

141 E. A. Materova, J L. Vert and G. P. Grinbero, Zh Obshei Khim 24, 953 (1954). 

<5> T. Sakaki, H Kakihana, Kogaku, Bull Chem Soc Japan 28, 217 (1955). 

G. M. Panchenkov, V. I Gorshkov and M. V. Kuklanova, Zh.fiz. Khim. 32, 361 and 616 (1958). 
m A. Rusi, and S. Ionescu. Studu Si Cercetan Fizica, 4, 735, (1961). 

S. Ionescu, O Constantinescu, D. Topor and E. Gird, Proceedings of the Second International 
Conference on the Peaceful uses of Atomic Energy, Geneva, 1958 28, P/1424 United Nation (1958). 
1,1 1. Dema, M. Dumitru, E. Gird. E Gainar, A. Rusi, S Spiridon, C. Sabau, O Constantinescu 
and S. Ionescu, Studil Si Cercetan Fizica 2. 397 (1960). 
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Solvents used were: methyl alcohol (Analar), ethyl alcohol (Merck), isopropyl alcohol (Lodz), 
acetone (Merck), methyl ethyl ketone (Reanal), glycol (Gliwice). 

The solutions used were ternary mixtures of water, hydrochloric acid and the organic solvent 
having the following composition: 0 5 and 1 *0 M. HC1 containing 0,20,40,60 and 80 per cent of the 
organic solvent, and 1 5 and 2 0 M. HC1 containing 0, 20,40, 60 and 70 per cent organic solvent. 

In order to study the influence of the form of the resin at the time of contact with the solution the 
former was used in hydrogen-, ammonium-, sodium-, and potassium-forms. The resin was converted 
into these forms by shaking with 5 N HC1 and with saturated solutions of NH t Cl, NaCl, KC1 (Merck) 
respectively for 6 hr. Distilled and deionized water was used to wash the resin and to prepare 
solutions. 

RESULTS 


The distribution constant was calculated from the experimental data rising the 
standard formula: 


K* — 


A x~ A ! _V 

Af m 


where = initial specific activity of the solution, A { — final specific activity, V = the 
volume of the solution (4 ml), m — mass of resin (0'02 g = 0-1 mequiv.). 

Fig. 1 shows log K d versus solvent concentration for the different solvents used, 


• —— KUjfH*) 



% CH,0H % C,H,OH %C,H,0H 


% CHjCOCH, %CjH,C0CH, %C,H,(0H) J 


Fig. 1.—Variation of log K d for RH versus the concentration of organic solvent, m the 
concentrations: 0-5,10, 1 5, 2-0 M HC1 and the solvents CH 3 OH, C„H s OH, C s H,OH, 
CH,COCH a , CH 3 COC 8 H 5 , CaH/OH)* 


on the hydrogen-form resin RH, showing that for concentrations greater than 40 
per cent the distribution coefficient vanes almost linearly (within the limits of experi¬ 
mental error) with solvent concentration, except for methylethyl ketone and for 
polyfunctional solvents (glycol). Furthermore, for the same percentage of solvent 
the difference between the values of the distribution coefficients become less as the 
acid concentration increases, while for the same acid concentration the greatest 
variation is for 1 M acid. Tor different solvents at the same acid concentration the 
values of K d decrease slightly as the number of C atoms in the molecule increases 
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(CH s OH—C,HjOH—C„H 7 OH; CH 8 COCH 3 —CH 8 COC 8 H,). In thecaseofteWtone 
however, the values are greater than for isopropyl-alcohol, although both solvents 
have the same number of C atoms, since the chemical functionality differs. Diols 
exert a smaller influence upon K d than do monofunctional solvents. The net result 
is that the absorption of cations on the resin is greater when the number of C atoms 
is small. 

Fig. 2 shows the variation of log K d with the solvent concentration at two acid 



% CHjOH % C 2 H,OH % CjH 7 0H %ch 3 coch 3 % ch 3 coc 2 h 5 

Fig 2 —Log K d versus solvent concentration for resins in NH 4 -, Na- and K-forms in 
0 5 and 1 5 M HC1 for CH,OH, C a H 5 OH, C,H,OH, CH 3 COCH», CH,COC,H,. 


concentrations (0-5 M and 1-5 M) on the NH 4 +, Na + and K + forms of the resin. The 
RNH 4 resin shows the same regularities as does RH, with the one difference that the 
nature of the solvent has less influence on the K d values. At higher acid concentrations 
the influence of the solvent is less, since the NH^ ions displaced from the resin 
combine with the excess HCJ to form NH 4 C1. In the case of RNa and RK we observe 
the smallest range of variation of K d with concentration of the solvent, together with 
inversion of the influence of the acid on K d . this influence is greater for 1-5 M HC1 
than for 0-5 M HC1. 

DISCUSSION 

The experimental data show that the reaction between resin and Pr 8 * ions in acid 
solution is strongly influenced by the presence of organic solvents. A number of 
conclusions can be drawn from the results. 






m 
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A^suming (10, that the law applies to the reaction 

3RH + Pr^ ^ R 3 Pr + 3H + 


we have 


„ [R 3 PrJ fH-f [/ Pr ] f . 1 /hL 3 ,,^ P**? 
[Pt*+] [RHP [/ Pf J, f/ H ], 3 4 [RH] S 


0) 


where /represent the activity coefficients, r refers to resin and s to the solution. At 
the low concentrations studied the activity coefficient ratio can be considered approxi¬ 
mately equal to unity. 


rki.-M 





% solvent 

Fio 3 —Amount of Pr ,f absorbed as a function of the percentage organic solvent in 

the solution 


K d was determined experimentally and the quantity of hydrogen ions released on 
exchange equals that of praseodymium absorbed by the resin. The quantity of resin 
remaining in the hydrogen form at equilibrium equals that initially taken minds the 
final hydrogen ion concentration in solution All these quantities were expressed 
in mequiv/g. 

The curves in Fig. 3 show the quantity of praseodymium absorbed from a medium 
of given acidity as a function of the proportion of organic solvent. These curves show 
clearly that the effect of the solvent is much greater at higher acidities as previously 
observed. (7) This suggests that it would be interesting to examine the quantity of 
praseodymium absorbed as a functioning of the acidity, and Fig. 4 shows the absorbed 
praseodymium (y) versus the acidity (x). A family of curves is obtained for pure 
acid and for 20, 40, 60 and 80 per cent organic solvent. Each of these curves fits an 
equation of the form 

y — —ax 3 -F h 

<W1 E R- Tompkins and S W. Mayer, /. Amur. Chem Soc 69, 2866 (1947). 


(2) 




• ■ 1 , r.f ,,\ry^HiMWW 
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where y is the quantity of absorbed ions, b is the maximum quantity absorbed at zero 
acidity^ x is the initial acid concentration, and a is a constant which is characteristic 
of the amount of organic solvent present in the solution. These curves show that-the 
presence of the organic solvent does not change the character of the reaction which 
takes place, but only increases the uptake of absorbed ions. 



i_i_i_i_i 

0 05 10 15 20 


NHCl 

Fio. 4—Amount of Pr s+ absorbed as a function of the initial acidity 
(Curves: y = — ax* + b) 

If b represents the total amount of trivalent ions absorbed from the neutral ionic 
solution, then on introducing a quantity of acid x the amount of absorbed ions 
decreases by ax 3 . We may speculate that in the case of doubly-charged cations the 
decrement will equal ax 2 , and for singly-charged cations with ax. Experiments have 
been started to verify these suppositions. 

In Fig 5 the values of a corresponding to each curve in Fig. 4 are plotted versus 
the concentration of the organic solvent; they fall on a straight line, with a value 
a max in the absence of organic solvent, decreasing to the value a 0 = 0, corresponding 
to the maximum concentration of the organic solvent for which absorption takes 
place in a neutral medium, i.e the concentration at which the organic solvent has 
probably removed all the hydrogen ions initially present in the solution. 

These observations suggest that it should be possible to calculate from the values 
of a the amount of organic solvent necessary to fix the quantity of ions which it is 
desired to retain on the resin in the case of elution or absorption of an dement on 
a column when carrying out separations from other ions present in the solution. 

An equation may be derived theoretically which has the same form as equation 
(2), which was deduced empirically form the experimental data, by substituting for 
the ionic concentrations in equation (1): 

_ [P 3 Pr] [H+] 3 y x 3 
6 [Pr*] [RHp b-y k 3 


( 3 ) 
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where y, b and x have the same significance as in equation (2), K, is the equilibrium 
constant, and k the quantity of resin taken (in mequiv/g). This equation may be 
converted to the form , • j 

• ’ _ K,k*b a'b 

$ ~ x 3 4- k*K, ~ x 3 a' W 

which is also verified by the experimental data. 



Solvent. % 

Flo 5 —a versus solvent concentration 


Table 1 Values of a for different concentrations 

_OF ORGANIC SOLVENT. 


a y 1®* 6 x 10* Solvent (%) 


6 3 9 691 0 

*3 9 690 20 

2 08 9 6908 40 

0 45 9 6899 60 

0 036 9 6899 80 


The variation of K, as a function of K t is given by the relationship 


K [H 
K d (RHJ 3 


and in Fig. 6 log K r is plotted versus log K d , since their values 
to the percentage of organic solvent. 


vary widely with respect 
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We observe that 

(1) for each initial acidity the values corresponding to the different proportions 
of organic solvent lie on a straight line which may be represented by the equation 

[H + ] 

log K t = log K d + 3 log (5) 

(2) These straight lines are parallel, showing that the effect of jthe organic solvent 
is the same for each concentration of acid. However, the separation between the 


K,= K 4 +m 



Fig. 6 —Log K, vs log K d for various organic solvent concentrations 
(Curves: K, = K t + m) 

lines is not proportional to the concentration of the acid used, the curves being 
less widely spaced at the higher acid concentrations. If we substitute in equation (5) 
y for the acid concentration released on exchange we obtain 


log K e = log K d + 3 log 




where k is the initial concentration of resin in mequiv/g. Substituting for y from 
equation (2), we obtain 

log a:,- logy,+ 3 lo 0 ) 



log K, 


6 


psr m 

y/y f 
/// / 


*VS / / 


-- KUj(H* I-CHjCHOHCHj 

-oCH,C0CH 3 


V & 
/ V 


I-- KU 2 (No + )-CHjCHOHCHj 

-oCHjCOCHj 


0 I 2 j 4 5 o t- I -3- i - { 

l0 ’ K « log K„ 

Fig. 8. Log K, as a function of log K d for Afferent forms of resin and for different 

organic solvents. 

(K ' “*T a T a "<' m “ h “ “ high add concentrations 

(Hg. 4). Equation (7) can be written simply in the form 

K e — K i + m 

with m varying in the family of curves with the amount of acid (Fig. 7). 


( 8 ) 
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We observe that m tends to a limiting value (xjk) as x increases to the given by 
ax 3 — b. This is the maximum acidity at which the cations are no longer absorbed, 
and depends upon a. 

(3) The conclusions previously expressed are valid for different organic solvents 
The linear plots of K„ vs K d are superimposed although the values of K, are different, 
being situated above or below those represented in Fig. 6. These values are represented 
in Fig. 8. The curves are independent of the form of the resin and of the nature of 
the solvent. 

CONCLUSIONS 

(i) The presence of organic solvents in acid media does not influence the manner 
in which praseodymium ions interact with the polystyrene sulphonic acid resin. 

(ii) However, organic solvents modify the constant a in equation (2) from the 
value which it has in the pure acid to the value zero, by decreasing the concentration 
of hydrogen ions up to their complete elimination from the solution. 

(iii) Absorption processes on polystyrene sulphonic acid resins which take place 
in the presence of organic oxygen-containing solvents in acid media are independent 
of the nature of the solvent 
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THE INFLUENCE OF DILUENT ON EXTRACTION 
OF EUROPIUM AND THORIUM NITRATES BY 
TRI-«-BUTYLPHOSPHATE 

S. SlEKIEKSKI 11 

Department of Radiochemistry, Institute of Nuclear Research, Warsaw 

C Received 8 June 1961) 

Abstract—The partition coefficients of europium and thorium extracted from 4 M NaNO» into 5% 
(by volume) TBP m a number of diluents have been determined. Using the values of the partition 
coefficients and of the activity of TBP in the same diluents activity coefficients of the metal complexes 
in the organic phase have been calculated. It has been shown that both the activity coefficient of the 
complex in the organic phase and the activity of TBP are related to the solubility parameter of 
the diluent used. The influence of diluent on the partition coefficient is relatively small since both the 
activity of TBP and the activity coefficient of the complex change into the same direction with diluent. 

The influence of diluent on the extraction of nitrates by tri-n-butylphosphate (TBP) 
is of both practical and theoretical importance, and has been investigated by several 
authors' 1-7 '. Most of these papers were dealing with the extraction of uranyl nitrate, 
but some of them dealt also with the extraction of Pu(IV), Zr, Ce(III), Np(IV) and 
Np(VI) from nitric acid solutions. In these studies various diluents including aliphatic 
and aromatic hydrocarbons, halogen substituted hydrocarbons and in a few cases 
esters and ethers have been used. The experiments have clearly shown that the 
extraction rate by TBP depends on the diluent used, being generally higher for 
aromatic and aliphatic hydrocarbons than for halogen substituted hydrocarbons. 
Especially low extraction has been observed in the case of chloroform used as diluent. 
Among the aliphatic hydrocarbons the extraction seems to decrease with increasing 
number of carbon atoms in the chain, and among benzene derivatives it seems to 
decrease with increasing number of methyl groups. 13 ' It should be stressed that the 
influence of the diluent depends to some extent on the method of expressing the TBP 
concentration in the organic phase. (3 > Several attempts at introducing some correlation 
between the extraction and physicochemical properties of the diluent have been made. 
In their first paper Shf.vtchenko et a/. 12 ' connected the extractability by TBP with the 
dielectric constant of diluent, but in their second paper they pointed out as well the 
parallel between the extraction and the polarizability of the diluent. On the other 
hand Pushlenkov et al. m did not observe any correlation between the extraction by 
TBP and dielectric constant, dipole moment, or refractive index of the diluent. An 
important advance has been made by Taube 14 ’ from this Department, who pointed 
out that the extraction depends on the electrostatic interaction between the complex 

1,1 Z. I Dizdar, J K Rajnvain and O S Gal, Bull Inst Nucl. Set. Boris Kidrich 8, 59 (1958). 
1,1 V B. Shevtchenko, A. S Solovkin, I. V. Shilin, L. M. Kirillov, A. V. Radionov and V. V. 
Balandina, Radiokhim. 1, 257 (1959). 

181 V. B. Shevtchenko, A. S Solovkin, I. V. Shilin, L. M. Kirillov, A. V Radionov and V. V. 

Balandina, Radiokhim ., 2, 281 (1960). 

141 M. Taube, J. Inorg Nucl Chem 12, 174 (1959) 

M. Taube, J Inorg Nucl Chem. IS, 171 (I960). 

(,i M. F. Pushlenkov, E. V. Komarov and O. N Shivalov, Radiokhim. 2, 537 (1960). 

T. V. Healy and G. M, Waind, AERE/C/R 773. 

205 



206 


S. Siangan 


and permanent or induced dipoles in the molecules of diluent and on the work which 
is needed to form a hole in the organic phase. In the case of slightly polar complexes 
with TBP the second factor is more important and the extraction into polar liquids is 
therefore lower than the extraction into non-polar ones. 

Nevertheless it seems that the role of the diluent in the extraction by TBP has not 
yet been satisfactorily elucidated. This is probably because all the authors so far tried 
to explain the differences between various diluents, whereas the similarities in the 
extraction behaviour of diluents should be explained. The experimental data collected 
by various authors show that the partition coefficient of uranyl nitrate into diluted 
TBP changes by a factor of two to seven for such different solvents as heptane, benzene, 
ethyl bromide, dichlorethylene or carbon tetrachloride. The only exceptions are 
CHCl g and CHBr a , for which the partition coefficients are considerably lower. The 
differences observed m partition coefficients are much lower than those to be expected 
from the activities of TBP m various diluents. It has been.shown by Alcock et a/. (8) 
that the activity of 5 % (by volume) TBP in benzene is about ten times lower than its 
activity in heptane. Assuming the activity of TBP to be the only factor determining 
extraction, one should expect about a 100 times higher partition coefficient into 
heptane than into benzene because two molecules of TBP are attached to each 
U0 2 (N0 3 ) 2 molecule. This conclusion however is in complete disagreement with the 
experimental results. This fact leads to the conclusion that there must exist another 
factor acting in the opposite direction, and it should be explained that these two factors 
nearly cancel each other, so that partition coefficient changes only a little with diluent. 
The extraction of many nitrates by TBP can be described by the following equation :' 9) 

Me£ + zN0 3 ' a „ + «TBP„ - Me(N0 3 ),. «TBP 0 
The equilibrium constant is then • 


and the partition coefficient: 




a r 


a .Me • a KO, ■ a 


Till' 


k = K .■ 


y± ( .vo, • “tup 


y* 


or at constant composition of the aqueous phase: 


( 1 ) 

( 2 ) 


k = A. a ™* 
To 


( 3 ) 


In the above equation a and c denote activities and concentrations in the organic 
phase, respectively, and when dashed-in the aqueous phase. y c is the molar activity 
coefficient of the complex in the organic phase and y ± is the mean molar stoichio- 
metncal activity coefficient of the salt in the aqueous phase and A and AT are constants, 
the former for an aqueous phase of fixed composition. 

Equation (3) shows that the partition coefficient depends on a TB1 , and y . These 
factors may both change with diluent. The activity of TBP in the ternary mixture- 
TBP-diluent-H a O has been determined for several diluents' 8 ' from the solubility in 


* 52,19(I956) S ' S ' GWMLEY ’ T - v Healy> J Kewedv and H - A C. McKay, Trans Faraday Soc. 
1,1 E. Hesford and H. A, C McKay, Trans. Faraday Soc. 54, 573 (1958). 
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the equilibrium aqueous phase. By measuring the partition coefficient into the organic 
phase of the same composition, the value of y e can be calculated from equation (3), 
and its dependence on diluent revealed. Since in this procedure the composition of 
the organic phase must be the same for both k and a TBF determinations, extraction 
cannot be carried out from HNO s because it is well extracted into TBP and can change 
its activity. NaNO s which is not extracted by dilute TBP solutions can be used 
instead. For the same reason microamounts of extractable cations should be used. 
In this paper the activity of TBP in several additional diluents has been measured, and 
partition coefficients for Th 4+ and Eu 8 * from 4 M NaNOg into the same organic 
phases determined. Partition coefficient determinations have also been carried out 
for the TBP-diluent-H a O systems studied by Alcock et al. w The other possibility 
was to determine the TBP activity in mixtures: TBP-diluent-H a O-HN0 8 , and to 
extract cations from HN0 3 solutions. But this procedure seemed to have certain 
disadvantages. The interaction between partially hydrated TBP and diluent appeared 
to be of more general interest than that between TBP, HNO s and diluent. Data 
concerning the activity of TBP in the system TBP-diluent-H 2 0 can be applied, under 
appropriate experimental conditions, to extraction from salts other than nitrates. 
The solubility of TBP in HN0 3 solutions is lower than in water and that would 
diminish the accuracy of TBP activity determinations for certain diluents. 

EXPERIMENTAL 

Materials The TBP and solvents used were purified by standard methods. NaNO, and HNO, 
were Analar grade ,,4 Th tracer was separated from uranium nitrate 15, . u4 Eu tracer has been used. 
M P-labelled TBP was supplied by The Radiochemical Centre, Amersham. 

TBP solubility determinations. One ml of the solution of M P- labelled TBP in a diluent has been 
shaken with 15 ml of water for several minutes After a short period of standing, the phases were 
centrifugated and after separation, the activity of the aqueous phase was measured with a liquid 
counter Then the organic phase was shaken with a fresh portion of water. This was repeated seven 
times, the first wash being done with 0-1 % NaOH. The activities of the aqueous phases from the 
last 3-4 equilibrations did not generally differ by more than a few percent The mean value has been 
calculated The measurements were done at 18-22°C. 

Partition coefficient determinations Partition coefficients for Th and Eu were determined by 
measuring the activities of both phases with a liquid counter. An appropriate correction was intro¬ 
duced to compensate for density changes. The total concentration of metal in the extraction ex¬ 
periments was 3 5 x 10 4 M At least three independent equilibrations were carried out for each 
composition of the organic phase The standard deviation of the mean value was about 5 per cent. 

RESULTS AND DISCUSSION 

The activity o/TBP 

The activity of 5 per cent (by volume) or 0-183 molar TBP in a number of diluents, 
as determined from its solubility m water, is shown in Table 1. The activity of TBP in 
kerosene, hexane and cyclohexane was taken from the paper of Alcock et a/. (8) Our 
data for benzene and toluene are in good agreement with those already published. 18 ' 
In calculating the activity of TBP from its solubility in water it has been assumed that 
the activity of undiluted TBP is equal to unity, and that the activity coefficient of TBP 
in water is always equal to unity, because of the very low concentration of TBP in water. 

The following conclusions can be drawn from the data shown in Table 1: 

The diluents used can be divided into three groups: (1) aliphatic hydrocarbons, 
(2) aromatic and substituted aliphatic, or substituted aromatic hydrocarbons, (3) 
CHC1 3 and CHBr 3 . The highest activity of TBP is observed in aliphatic hydrocarbons; 
it decreases in this group with the length of the chain. The lowest activity is observed 
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in CHCl a and CHBr s both of which can form hydrogen bonds with TBP molecules. 
The activity is intermediate in aromatic and substituted aromatic or substituted 
aliphatic hydrocarbons. The differences in the TBP activity among various members 
of this group seem to be small as compared to the differences in such physico-chemical 
properties as the dipole moment or the dielectric constant. 

There is no simple relation between TBP activity and dipole moment, or polariza¬ 
bility of the molecule of diluent taken separately. But it can be stated that TBP activity 
is generally high in diluents with both small polarizability and dipole moment and low 
in diluents with high dipole moment, or high polarizability (excluding nitrobenzene). 


Table 1 


Diluent 

Activity 

a ra? 

Dipole 

moment 

Solubility 

parameter 

MHfi 

■ BP 


/i<iii 


<5tbp 

Kerosene 

0 35 

00 

7 8* 

101 

0 15 

Heptane 

0 21 

00 

7 45 

98 

0 19 

Hexane 

1 155 

00 

7 30 

96 

0 20 

Cyclohexane 

0 12 

00 

8 20 

10 5 

0 18 

Nitrobenzene 

0036 

3 99 

100 

11 7 

1 0 

Toluene 

0029 

0 39 

890 

104 

0 34 

Carbon tetra¬ 
chloride 

0 0245 

00 

8 6 

10 1 

0 21 

Ethyl iodide 

0 0245 

1 78 

94 

11-4 

— 

Benzene 

0 0215 

00 

915 

10 8 

0 41 

o-Dichlorobenzene 

0016 

2 26 

10 0 

106 

— 

Chlorobenzene 

00137 

1 56 

95 

102 

0 35 

1,2-Dibromoethane 

0 0133 

1 12 

104 

11 7 

— 

Bromoform 

0 0049 

0 99 

10 5 

— 

0 47 

Chloroform 

00012 

1 15 

93 

— 

0 49 


* value for dodecane 


There seems to exist a relation between the TBP activity and the Hildebrand 
solubility parameter of the diluent used (Fig. 1). Generally, the activity is higher in 
diluents with small solubility parameters. To examine this relation more closely the 
solubility parameter of TBP in mixtures has been calculated from the activity data 
This calculation has been carried out on the basis of the following equation 

In a TU j> — In v> TB p + TdiiH- 17 ~~) + PrnpVdU^rnp — <Vi) 2 /-RT (4) 

where is the volume fraction, V —molar volume, <5 — solubility parameter. It has 
been assumed that there is no volume change on mixing The results obtained are 
shown in Table I. It is not possible to calculate <5 TBP in the case of CHC1 3 and CHBr 3 
because the second term in the right hand side of equation (4) is negative for these two 
diluents. The negative value of the partial molar energy of mixing means that forces 
acting between unlike molecules (TBP-diluent) are different in their character from 
those between like molecules. It has been shown experimentally by Pushlenkov (6) 
that hydrogen bond is formed between TBP and CHC1 3 molecules. The formation of 

H Hildebrand and R L Scott, The Solubility of Nonelectrolytes Reinhold, Amsterdam 
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this bond is responsible for the especially small activity of TBP in CHC1 S or CHBr*. 

The data in Table 1 show that the solubility parameter of TBP (<5 TB1 >) is not constant, 
as it should be, but changes with diluent. The mean value of is 10-6. The changes 
in solubility parameter with diluent are probably caused by the different content of 
water in the organic phase (different degree of hydration of TBP, see Table 1). The 
other cause might be the use of the first term in the right hand side of equation (4) as 



Fig I —Dependence of the activity of 5% (by volume) TBP 
on the solubility parameter of the diluent. 1 kerosene; 2 
heptane; 3 hexane, 4 cyclohexane, 5 nitrobenzene; 6 
toluene; 7 carbon tetrachloride; 8 ethyl iodide; 9 benzene; 
lOo-dichlorobenzene; 11 chlorobenzene - 12 1,2-dibromo- 
ethane. 

the partial molar entropy of mixing Nevertheless equation (4) represents the trend 
which exists in the dependence of a TI!1 . on <5 da . This follows from Fig. 2 where In a TBP 
has been plotted against 

Z — In <Pthp + 9 : ’ciii(l n—) + Fmi'T'dii O^tbp — ^an ) % jRT 

for various diluents J TIJ1 , is the mean value of the solubility parameter of TBP 
calculated from the data in Table 1. Fig. 2 shows that there is a general tendency for 
In % I)P to decrease with Z, as expected from equation (4). 

It is interesting to note that the solubility parameter of unhydrated TBP as cal¬ 
culated from the boiling point is about 7-7, which is considerably lower than the value 
determined above. The discrepancy may be accounted for by the fact that the diluted 
TBP is partially hydrated when in equilibrium with water. The small value of the 
solubility parameter of pure TBP deserves some explanation because the TBP molecule 
has a rather high dipole moment /z = 3*1. A possible explanation is that the P=0 
group in the TBP molecule is hidden in some sort of a cage formed by the hydrocarbon 
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chains. Such a structure for esters of phosphoric acids has been suggested by Arbuzov 
and Vinogradova. uu 

Partition coefficients of Eu, Th and HN0 3 

Partition coefficients into 5% (by volume) TBP in various diluents and the com¬ 
position of the aqueous phase before extraction are listed in Table 2. In the case of 
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Fig 2 —Dependence of In a TBi , and Z 


Tabu: 2 




Partition coefficient 



Eu 

aq phase. 

4 M NaNO,+ 
0 06 M HNO, 

Eu 

aq phase 

6 M NaNO, 1 

0 06 M HNO, 

Th 

aq phase. 

4 M NaNO, f 

0 37 M HNO, 

Th 

aq. phase- 
4 M HNO, 

HNO, 
aq phase 
4MNaNO,+ 

0 37 HNO, 

Kerosene 

0 020 

* _ 

0 46 

0 080 

0 13 

Heptane 

0019 

Oil 

0 51 

0 075 

0 14 

Hexane 

0 019 

— 

0 52 

0 070 

015 

Cyclohexane 

0 020 

— 

0 55 

0 075 

0-155 

Nitrobenzene 

0 0095 

— 

0 28 

0 075 

0 14 

Toluene 

0 0038 

— 

019 

0 035 

014 

Carbon tetrachloride 

0 0020 

0 0095 

0 080 

0-040 

0 11 

Ethyl iodide 

0 0028 

— 

0 080 

0 016 

015 

Benzene 

0 0031 

0015 

0 24 

0 048 

0 15 

o-Dichlorobenzene 

0 0039 

0 024 

012 



Chlorobenzene 

0-0032 

0 0175 

014 

0 028 

0-13 

Bromoform 

0 001 

0 004 

^0-001 



Chloroform 

0 001 

— 

^0 001 

0-0026 

0-013 

Tnbutylphosphate 

22 0 

— 

570 

38 0 

9 1 


m > B. A. Arbuzov and V. S Vinogradova, Izv Akad Nauk U.S S.R. 459, (1947) 
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The influence of diluent on extraction of europium and thorium nitrate* 2)1 ”, 

Th extraction the concentration of UNO, was 0*37 M, since at lower acidities the 
reproducibility of results was poor. The results obtained may be summarized as 
follows: 

Extraction of europium from 4 M NaNO s . As before the diluents used can roughly 
be divided into the same three classes. The highest partition coefficients were obtained 
for diluents of the first group, lower for diluents of the second group and much lower 
still for CHClj and CHBr 3 . In the case of the last two diluents only the upper limit of 
the partition coefficient could be given. Since the order observed isalso the order of 
decreasing activity of the TBP it may be stated that the partition coefficient decreases 
with the activity of TBP. But the differences in /c Ku are much smaller than those 
expected from differences in the TBP activity. There is no influence of TBP activity 
inside each class since for aliphatic hydrocarbons the partition coefficient is practically 
constant, and it changes irregularly for diluents of the second group. It is worth 
noting that CC1 4 belongs to the second class of diluents Only a few data were obtained 
for europium extraction from 6 M NaN0 3 but the picture seems to be generally the 
same. 

Extraction of Th from 4 M NaN0 3 + 0-37 M HNO s . The influence of diluent 
reveals a close similarity to that in the case of europium extraction, but the difference 
between partition coefficients for diluents of the first group and partition coefficients 
for diluents of the second group is smaller for thorium than for europium. 

Extraction of Th from 4 M HNO s . The influence of diluents of the first and second 
group is almost the same as in extraction from sodium nitrate, although partition 
coefficients are lower. It means that the change of the activity of TBPHNO s with 
diluent is nearly the same as the change of the activity for hydrated TBP. Quite 
different is the case of CHCI a . For this diluent partition coefficient from nitric acid is 
considerably higher than from sodium mtrate. 

Extraction o/HNO a from 4 M NaNOj. There is no difference between diluents of 
the first and second group The partition coefficient into CHCI 3 as diluent is smaller 
but the difference is not great. 

Activity coefficient of the complex in the organic phase. Activity coefficients of the 
complex in various diluents can be calculated from equation (3) provided k, a rnp , and 
n are known, an appropriate standard state is chosen, and composition of the aqueous 
phase is constant for each equilibration. In the case of europium it has been assumed 
that y Ku — 1 for undiluted TBP in equilibrium with 4 M NaNO s containing 0-06 M 
HN0 3 before extraction. Since the content of nitric acid in the equilibrium organic 
phase is very low (about 0 009 M in diluted TBP) the activity of TBP previously 
calculated (Table 1) was used. The results of Hesford et a/ <12) and of our own 
investigations have shown that n — 3 for europium Under these assumptions the 
following expression for j Kll can be obtained from equation (3) 

.Veu = ®TBF,x • ~j~~ 

K x 

where a rm , x denotes the activity of 5% TBP in diluent v, A 100 and k x are partition 
coefficients into undiluted TBP and into TBP in diluent x respectively. 

In the case of thorium extraction from 4 M NaN0 3 f 0 37 M HNO s the con¬ 
centration of HN0 3 in diluted TBP was about 0 056 M and it was not possible to use 
lls) E Hesford, E, E Jackson and H A. C McKay, / Inorg Nucl Chem 9,279(1959). 
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the a T BP values from Table 1. Otbh has been calculated from the following expression : 
«tbp = c t ■ Ttep» where c f is the concentration of free TBP and y TB p is the molar 
activity coefficient of TBP in the absence of HNO„. This expression can be used for 
Atbp cal culations provided _y X BP does not change much with c TBP which is true for 
small TBP concentration. As the state for which y rb = 1 the undiluted TBP in 
equilibrium with an aqueous phase containing 4 M NaNO a and 0-37 M HNO s before 
extraction has been used. Under these assumptions one obtains for the activity 
coefficient of thorium the following equation. 

^B B.x ^100 

Tl'B - 3- • ~j~ ^ 6 ' 

where a TBP 100 is the activity of undiluted TBP in equilibrium with the aqueous phase 
containing 4 M NaNO s and 0-37 M HNO a . It has been assumed that the limiting 
value of n for thorium is two, m> although our experiments even with dilute TBP 
showed that n is somewhat higher and is not a whole number. In the case of thorium 
extraction from 4 M HN0 3 the same procedure has been adopted for the calculation 
ofy Ta . Since in the case of extraction from HN0 3 solution the concentration of HNO a 
in the equilibrium organic phase was very near to the total concentration of TBP, the 
values of y Th are rather approximate. The difference in the absolute value of the 
activity coefficients of the complexes in the organic phase when extracted from NaNO a 
and from HN0 3 are chiefly caused by the different standard states chosen 

Activity coefficients of europium and thorium complexes in the various diluents 
are plotted in Fig 3, as a function of y TB1> , where y XBP is the molar activity coefficient 
of TBP. Activity coefficients in CHBr a and CHC1 3 were not calculated because only 
the upper limit of the partition coefficient into these diluents was known. 

There is a general tendency for y„ to decrease with Ttbp* In the case of aliphatic 
hydrocarbons the dependence of y c on y TnP is approximately linear. In the case of 
aromatic and substituted hydrocarbons a similar straight line can be drawn, but the 
points are much more scattered The two classes of diluents coincide with those 
observed in the case of TBP activity. At constant y c value, the _y xm . value is smaller 
for diluents of the second class. 

It has been shown that the influence of the diluent on the activity of TBP can be 
accounted for by assuming that the solubility parameter of TBP is about 10-6. The 
data in Fig. 3, show that there is a parallel between the influence of diluent on ^ TJ)P 
and on^ c . For this reason one might try to explain the influence of diluent on y c ,' 
assuming that the complex has a solubility parameter («5 C ) higher than about eleven. 
With this assumption y c should decrease with increase of (5 dll for most diluents because 
the difference (6 C — <5 dn ) would decrease The existence of such a general tendency is 
supported by data in Fig. 4. The similarity between TBP molecules and molecules of 
complex in their interaction with diluent may well be accounted for by the fact that 
co-ordinated TBP molecules constitute the bulk of the complex, and that the inter¬ 
action of the complex with surrounding molecules is due chiefly to the presence of 
co-ordinated TBP molecules. This similarity shows also that the function of the P=0 
group in the interaction of free TBP molecules with diluent does not play an important 
role, because this group disappears m the case of co-ordinated TBP molecules. 

E Hesford, H A C. McKay and D Scargil, / Inorg Nuci Chem 4, 321 (1957). 
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The influence of diluent on the partition coefficient. Provided the extraction can be 
represented by equation (1) the partition coefficient is a function of the ratio a£ BP /y,. 
Both factors change with diluent in the same direction since the interaction forces 
with diluent molecules are similar for both TBP and complex. The result is that k does 
not change very much with diluent. But since the compensation of the y a and a TB p 
factors is not complete some influence of diluent is observed. The magnitude of this 



Fig 3.—Relation between the activity coefficient of europium, or thorium complex 
and the the activity coefficient of 5 % (by volume) TBP in various diluents. 13-denotes 

TBP 

•—data for europium extracted from 4 M NaNO, } 0 06 M HNO s 
O —data for thorium extracted from 4 M NaN0 2 f 0’37 M HNO, 

©—data for thorium extracted from 4 M HNO, 

influence depends on the structure and physicochemical properties of the complex, on 
the diluent used, and should be investigated for each specific case. There is for example 
no compensation at all in the case of CHCl s and CHBr s as diluents. These two 
diluents form hydrogen bonds with TBP molecules, but in their interaction with the 
molecules of the complex they probably behave as liquids with solubility parameter 
of 10-5 and 9-3 respectively. 
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Fio. 4.—Dependence of the activity coefficient of europium or thorium complex in the 
organic phase on the solubility parameter of the diluent 
•—data for europium extracted from 4 M NaNO, + 0 06 M HNO a 
O—data for thorium extracted from 4 M NaNO s + 0 37 M HNO, 

O—data for thorium extracted from 4 M HNO, 

Generally, the influence of diluent on extraction should increase with differences 
between the molecules of extracting agent and of complex, with respect to the inter¬ 
action with the molecules of diluent. Therefore as long as the interaction of both 
species with diluent is due to dispersion forces, or weak dipole-dipole interactions the 
resulting effect of diluent on extraction is relatively small. This mode of interaction 
for both complex and extracting agent may be expected for other extractants similar 
to TBP, which form uncharged and only slightly polar complexes with metal ions. 
A strong influence of diluent may be however expected in all cases where either the 
extractant or the extracted complex is strongly polar, or one of them interacts with 
the molecules of diluent by specific chemical forces such as hydrogen bonds. 

Acknowledgements — Acknowledgement should be made to Dr A G. Maddock for valuable sug¬ 
gestions and helpful discussion and to Mrs J Szydlowska for her skilled technical assistance 
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Preparation of high specific activity terbium 161 from gadolinium* 

(Received 29 May 1961; in revised form 18 September 1961) 

Sources of high specific activity and purity are necessary for the study of resonance absorption of 
low energy y- rays The present paper describes an attempt to prepare a high specific activity source 
of Tb 1#1 from Gd for studying the recoil-iess emission and absorption of the 26 Kev gamma-ray of 

J5yl«l (1)_ 

The preparation of pure and high specific activity Tb 1 * 1 has been reported by various workers. 
Sheline et al ,!l have prepared terbium 1 * 1 by deuteron bombardment of enriched gadolinium and by 
using the chemical separation method developed by Thompson et al Smith et al, w have followed 
the methods of Nervjck (M and Choppin et al 181 for separating terbium activity from other rare 
earths. BuTEMENT (,, has used the method of Ketelle and Boyd'"' for the purification of terbium 
and gadolinium isotopes in the study of f and y- ray energies. 

Recently, Maslova et al ' ,l separated rare earth activities in fission products on a sulphonated 
polystyrene resin (K.U-2) on a 100 cm column using 0 25 M lactic acid at pH 4 0 and showed that 
elution with 0-01 M pyrophosphoric acid at pH 5 2-8 0 was as effective as lactic acid for rare earths 
separation 

Most of the procedures ,s ■ 5 ■* , quoted above can handle only a few mg («-. 5 mg) of the rare earth and 
require high mesh resin at elevated temperatures But since the flux of the reactor “Apsara” at 
Trombay, Bombay, is about hundred times lower than that available at DIDO, Harwell, about 
100-150 mg of gadolinium had to be used This paper describes the details of the experimental 
procedure developed in this laboratory to purify terbium 1 * 1 in earner-free form using a Dowex-50 
resin at a room temperature 

EXPERIMENTAL 

The lactic acid and ammonium hydroxide used were of B D H AnalaR quality, and were not 
further purified 

Dowex-50 resin was used, sieved to between 80 and 120 mesh It was twice cycled through the 
hydrogen and ammonium forms using pure dll HC1 and ammonium chloride solution and then 
treated with a 5% solution of NH<CNS to remove any impurities like iron and copper and finally 
cycled again through the hydrogen and ammonium forms Before putting activity on the column 
in the ammonium form it was equilibrated with the lactate solution which was to be used for elution. 

A pyrex glass tube of 16 4 mm mtemal diameter with a stop cock at the bottom and a ground 
glass jomt for connecting the reservoir at the top was used The resin (80-120 mesh) was filled in 
the tubing to 185 mm height The volume of water occupying the space between the resin particles 
and the glass tubing was exactly 22 ml For collecting equal volumes of the eluant, a syphon tube 
of about 2-5 ml capacity was introduced between the outlet of the column and the collecting tube. 

To a lactic acid solution containing 0 4 per cent phenol (added to prevent any fungus formation) 
was added concentrated ammonium hydroxide to adjust to the required pH and the volume made up 

* Presented at the 48th Session of the Indian Science Congress held at Roorkee in January 1961. 
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in the standard volumetric flask. The final concentration of the lactate solution was 0-5 molar. 
Several such solutions were prepared from pH 3-0 to pH 4 0 

100 mg of specpure Gd.O, was irradiated in the “Apsara" Reactor at Trombay, Bombay, for 
one week with a neutron flux of approximately 10 1 * n cm~’ sec" 1. It was dissolved in a minimum 
amount of hot 5N HCI and evaporated to dryness. The residue was taken up in distilled H s O. This 
solution, containing all Gd and Tb activities, was adsorbed on the resin column at a rate of about 
0-3 ml/min, and the column then washed thoroughly with sufficient distilled water to remove un¬ 
adsorbed ions. The lactate solution of the appropriate pH was put in the reservoir connected to 
the column and elution started at a definite time The rate of elution was controlled by the stop cock 
3 ml portions of the eluant were collected in pyrex tubes and the time taken for collecting a certain 
number of tubes was noted occasionally. 

The activity of each fraction of approximately 5 ml was measured by -/-counting, using a 1 in 
thick and 1-5 in. diameter NaI(TI) crystal with a Dumont 6292 photomultiplier. The y -ray spectrum 
of representative fractions from each elution peak was also taken to identify the different activities 

Differential elution curves corresponding to different pH values of the lactate solution were 
plotted and representative curves are given in Figures 1, 2 and 3 



Column volumes Column volumes Column volumes 

Flos 1-3.—-Elution curves of Tb 161 and Gd 11 * from Dowex-50 by 0 5 M lactate 

at various pH 


Ail the tubes containing pure terbium 181 activity were combined in one beaker, the pH of this 
solution was adjusted between 1 and 2 by adding concentrated HCI and the activity again absorbed 
on a very small column 2 x 04cm of Dowex-50 resin (about 120mesh) in the H + form. This 
process adsorbed all the terbium activity After washing the column thoroughly with double distilled 
water to remove the adhering lactate solution, the adsorbed activity was eluted with minimum 
amount of 5N HCI or dll HNOi and the solution evaporated to dryness This was taken up in 
water and evaporated on the source holder 

In the actual experiment of studying the Mossbauer effect, the carrier-free Tb 181 was mixed with 
1 mg of dysprosium oxide, the mixture dissolved in nitric acid and converted into oxide. The trans¬ 
mission of the 26 KeV gamma-ray was measured 11 ' using Dy,O a absorbers of thickness varying 
from 7 9 mg/cm 1 to 78-8 mg/cm* 

DISCUSSION 

It can be seen from Figs 1-3 that there is a critical pH of the semi-molar lactate solution which 
could separate terbium from even 100 mg of gadolinium in a shorter time at room temperature using 
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Dowex-50 resin <80-120 mesh) Though solutions having pH less than 3 53 could give well-separated 
elution curves, this pH(3-53) is the most suitable one, when the time factor becomes important 
because of the short naif-life of the isotope. 

In Fig. 3, though the peaks look to be well-separated, it was observed that from column volume 
8 (l. e. in the descending portion of the Tb peak) some Gd started coming out with the Tb activity, 
as detected by the y-ray spectrum, and hence the entire portion of five column volumes (5-10 c.v.) 
could not be mixed together for pure Tb 1 * 1 . 

After elution of all the active terbium from the column, the pH of the eluting solution was changed 
to a higher value, 3 7-3 84, in order to remove the bulk activity of Gd 14 * in a shorter time interval. 
To test the purity of the separated samples obtained by these experiments, gamma-ray spectra 
of fractions were taken using a 6292 Dumont photomultiplier and a NaI(Tl) crystal of 1-5 cm 
diameter. The data obtained agreed with that reported 11 * 1 . 

A low intensity y-ray of 70 KeV, reported earlier 1 ll ” m the decay of Gd 14 *, has been confirmed 
to be belonging to Gd 14a by this chemical separation and also by coincidence studies 111 *. 

The procedure of using 0 5 M lactate solution at the proper pH for the separation of adjacent 
rare-earths at a room temperature (~30 'C) on Dowex-50 resin was first developed 11 *’ for Pm 148 
produced by successive neutron capture on Nd 1 **. 
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NOTICE 


Waverley Gold Medal Essay Competition 1962 

Research is again organizing the Waverley Gold Medal Essay Competition this year 
in order to encourage the clear presentation of new scientific work in a form which 
may be readily understood by scientists working in other fields and by the layman 

Leaflets setting out the aims of the Competition and conditions of entry can be 
obtained from the following address •— 

Research, 88 Kingsway, London W.C.2. 
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ERRATA 

L. P. O’Connor and J. L. Perkin, Cross-sections for the reactions ^Ra (n,2n) ““Ra 
and J2# Ra(«,3n) m Ra with 14-5 MeV neutrons, J. Inorg. Nucl. Cheih. 13, 5-12 (1960). 
Page 8, lines 8 and 9, read ‘Details are given in Section 2. 5. 2. The mean time . . 
Page 11, line 5; for ‘milligrams’ read ‘micrograms’. 


R. L. Bedford, A. E. Martell and M. Calvin, Influence of fluorine substitution on 
the properties of metal chelate compounds—III, J. Inorg. Nucl. Chem. 14, 169-178' 
(1960). 

Page 173, caption to Fig. 3; for ‘10~*’ read ‘10 -3 ’ and for ‘10~ 3 ’ read ‘10~*’. In Fig. 3; 
for ‘10 s ’ read ‘10 2 ’ and for ‘10 4 ’ read ‘10 3 ’. 
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(ethylenediamine) chromium(III) cation, J. Inorg. Nucl. Chem. 18, 219-225 (1961). 
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Page 225, line 4, for ‘10 6(3 >’ read ‘10-«*>’. 


N D. Dudey and T T Sugihara, Half lives of 117 In and U7m In, J. Inorg. Nucl. Chem. 
20, 157-159 (1961) 

Page 158, line 11; for ‘Sb 117 ’ read ‘ U7 Sn’. 

R E Panzer and J. F. Suttle, The compound UC1 5 -PC1 5 , J. Inorg. Nucl. Chem. 20, 
229-241 (1961). 

Pages 235, 237, captions for Figures 5 and 6 should be interchanged. 


T. C. Ichniowski and A. F. Clifford, A polarographic study of chromium(IIl) in 
ammonia solvents (Divers liquids), J Inorg Nucl. Chem 22, 133-139 (1961) 

Pages 136, 137; Figures 1 and 2 should be interchanged. 
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THE FISSION PRODUCTS “Se AND «Se 

I. F. Croall and H. H. Wilus 
A.E.R.E. Harwell, Didcot, Berks. 

{Received 5 October 1961) " , 

Abstract—The cumulative yields of the isomers of »>Se and * 5 Se have been measured In 
the thermal neutron fission of 233 U and 233 U and in the 20 MeV proton fission of ***17. 
It is shown that for both these isomer pairs the independent yield of the high spin isomer Is 
greater them that of the low spin isomer in 20 MeV proton fission of * 3 *U. 

»>Se and 83 Se both have two nuclear isomers. Those of 81 Se have half-lives of 57 min • 
(8i»Se) and 18 min ( 8, Se): the 57 min isomer undergoes an isomeric transition to the 
18 min lower level. 111 83m Se has a half-life of 69 sec, and no isomeric transition 
between this state and the 25 min ground state has been observed.* 1 * 21 The cumulative 
yields of the two isomers of 81 Se and of the 25 min isomer of 83 Se have previously 
been reported for the thermal neutron fission of 235 U. 131 No measurements for the 
thermal neutron fission of 233 U or for 20 MeV proton fission of 23S U have been 
described. 

The cumulative yield measurements described here form the first stage of a study 
of the independent yields of the isomers of 81 Se and 83 Se. Previous work 14 * 5 > 6 > has 
indicated different independent yields for the members of an isomer pair: in some 
cases the high spin isomer has the highest yield, in others the low spin isomer is 
favoured. From the results obtained here some preliminary information concerning 
the independent yields of the isomers has been derived. 


EXPERIMENTAL 

233 U thermal neutron fission 

Two series of experiments were carried out; one was designed to give the fission yields 
of 69 sec 83m Se and 25 min 83 Se and the other to give the cumulative fission yields of the 
isomers of »>Se and of 25 min 83 Se, The first series also gave the yield of 32 min * 4 Br. 

The fission mass chains involved are given below. 


81m Se (.• +) 



83 Se (4 -) 
(69 sech 


!3 Br (2*48 hr) -+ «Kr (stable) 


S 

83 Se(2+)/ 
(25 min) 


The spins and parities of the selenium isomers are taken from reference (2). 


(1) D. Strominoer, J. M. Hollander and G. T. Seaboro, Rev. Mod. Phys. 30, 585 (1958). 
(1 > K. Way, R. W. Kino, C. L. McGinnis and R. van Lieshout, U.S.A.E.C. Report, 
TID 5300 (1955). 

(3) S. Katcoff, Nucleonics, 18 (11), 201 (1960). 

<4) M. Talat-Erben, L. E. Glbndenin and E. P. Steinberg. Private communication (1958). 
(J! L. E. Glendenin. Private communication (1959). 

(4) I. F. Croall and L. E. Glendenin. To be published. 
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1. *>Se Isomer cumulative yields. These yields were measured indirectly in the following 
way. a sample of 23J U in solution as uranyl nitrate was irradiated in the pneumatic “rabbit” 
assembly in the graphite pile BEPO for times varying from 30 sec to 2 min. At a known 
time interval after the end of the irradiation an aliquot of the solution was taken and bromine 
was separated and purified radiochemically. The bromine samples were then counted 
wing a 2n-gas flow proportional counter, the decay curve being followed until background 
was reached. From this decay curve the amount of 83 Br activity at the time of the bromine 
separation was obtained. The 84 Br (32 min) activity at the end of the irradiation was also 
obtained from the experiments in which there was only a short delay between the end of 
the irradiation and the bromine separation. These counting rates were corrected for self¬ 
absorption and back-scattering to those corresponding to a weight of 10 mg of silver bromide 
on the sample tray. These corrections were taken from those derived by Cuninghame 
et alP- *> for identical counting arrangements. The radiochemical procedure for bromine 
was based on that given by Glendenin et a/.* 81 The final silver bromide precipitate was 
mounted on a filter paper disk, the area of the precipitate being defined as 2 cm 2 by a standard 
filter stick. For counting the filter paper was held in a standard aluminium tray. 

Duplicate radiochemical analysis for 140 Ba were carried out in each experiment, using 
a procedure based on that of Glendenin* 10 ' but mounting finally as barium sulphate. The 
barium activity at the end of the irradiation was calculated, corrections for self-absorption 
and back-scattering being made as in reference (7), to give the counting-rate corresponding 
to 10 mg of barium sulphate on the tray. A final correction was made to the H0 Ba counting- 
rate to make it comparable on an absolute basis with the 83 Br counting rate.* 7 ' 

The following expression was derived for the ratio of 83 Br to 1<0 Ba counting rates, the 
former at the time of bromine separation, the latter at the end of the irradiation. 
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Where A Br and /!&, are the counting rates of 83 Br and '«°Ba as defined above. 

7i : cumulative fission yield of 69 sec 83m Se. 

Yi : cumulative fission yield of 25 min 83 Se 
yB.: cumulative fission yield of *«°Ba, taken as 6-35 per cent.* 3 ' 
t : length of the irradiation. 

T ; time interval from the end of the irradiation to the bromine separation. 

Ai : decay constant of 69 sec 83m Se. 

A 2 : decay constant of 25 min 83 Sc. 

A 3 : decay constant of 2-48 hr 83 Br. 

Ab« : the decay constant of 12-8 day l40 Ba. 

The contribution due to the independent yield of 83 Br was ignored, as it is less than 1 per 
cent of the total chain yield. 

In the early stages of this work the half-life of 83 Br was observed to be considerably 
greater than the value of 2-3 hr* 2 ' which is usually accepted. A careful redetermination of 
this half-life was therefore carried out using 83 Br prepared both by fission and by an (n, y) 
reaction on enriched selenium (86 per cent 82 Se). The samples were counted on a number of 

<7 ‘ J. G. Cuninghame, M. L. Sizeland and H. H. Wilus, AERE/C/R 2054 (1957). 

181 J. G. Cuninghame. Private communication (1959). 

'** L. E. Glendenin, R. R. Edwards and H. Gest, NNES, Div. IV, Vol. 9, Paper 232. 
McGraw-Hill (1951). 

(10) L. E. Glendenin, NNES, Div. IV, Vol. 9, Paper 288. 
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different types of counter, including end-window Geiger, 2n-gas flow and 4s-gas flow 
proportional counters. The observed decay curves were analysed by least squares methods, 
the final result being a value of 2-48 ±005 hr for the half-life. This value is confirmed in 
recent work by Bowles (11 ', and has been used throughout the studies reported here. , 

In the equation given above the only unknowns in a given experiment are Yi and Yz, 
and hence a series of experiments in which t and T are varied gives a set of equations of the 
form y «= Ti +x Yz, where x and y are variables. A plot of this gives Y\ and Yj directly 
as the intercept and slope respectively; Fig. 1 shows the present results plotted in this form. 



i 

Fig. 1. 


A straight line fitted to these results by the method of least square, gives 
Yi «= 0-34 per cent (cumulative yield of 69 sec 83m Se) 

Yz ~ 0-21 per cent (cumulative yield of 25 min 83 Se) 

84 Br (32 min) was observed in a number of these experiments, and its cumulative fission 
yield reiaUve to I4cl Ba = 6 35 per cent was found to be 0-93 ±0 05 per cent. 

2. 81 Se isomer cumulative yields. These yields were measured directly by separating 
selenium from the fission products. Samples in which the selenium separation was carried 
out immediately after the irradiation gave decay curves which could be analysed for 18 min 
8 ‘Sc and 25 min 83 Se. Those in which some 2 hr of decay elapsed before separation gave 
decay curves from which the amounts of 57 min 8l Se and 25 mm 83 Se could be obtained. 

In some early experiments using irradiation times of the order of 0-25 min evidence 
was found of some hold-up in the mass 81 chain. Further work* 1 *' led to a half-life of 
30 ±4 sec for 81 As, in good agreement with the value later published by Mokinaoa et 
of 31 ±2 sec. The mode of decay of 81 As was estimated to be ~ 97 per cent ter 18 min 
81 Se and ~ 3 per cent to 57 min 81m Se 

The experimental procedure in this series was exactly the same as that above except 
that now selenium and barium were separated. Irradiation times varied between 30 sec and 
2 min The radiochemical separation scheme used for selenium was based on the precipita¬ 
tion of elementary selenium from hydrochloric acid solution by reduction with sulphur 
dioxide, tellurium and iron scavenging steps being incorporated. The sample used for 
chemical yield determination and counting was elementary selenium. 

(IU B. J. Bowles. AERE, Harwell, private communication (1960). 

<12> I. F, Croall and H. H. Willis. To be published. 

(l3) H. Morinaga, T. Kuroyanaoi, H, Mitsui and K. Shopa, J. Phys. Soc. Japan, 15,213 (1960) 
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All samples were counted with a 2n-gas flow proportional counter, the decay curves 
being followed to the background level. From the samples in which the selenium was 
Separated immediately after the end of the irradiation, the amount of 18 min **Se was 
obtained by subtraction of a composite 25 min 83 Se-2-48 hr 83 Br growth-decay curve from 
the observed curve. The amount of 25 min ,3 Se was also determined. The decay curves of 
the samples separated some 2 hr after the end of the irradiation were more complex, due to 
the presence of the growth-decay curve of 81m Se- 8t Se. The procedure adopted was to 
subtract the contribution of * 3 Se- S3 Br as determined from the later stages of the decay 
curve, leaving the complex curve due to the ,u "Se- , *Se system. Previous calibration of the 
counter for »i**Se- ,1 Se, where the counting efficiency for the 8 '"Sc conversion electrons 
(0-105 MeV) is much less than that for the ^-particles of 81 Se, enabled the final resolution 
of the curve into its components to be made. 

All counting rates were corrected for self-absorption and back-scattering to the values 
corresponding to 10 mg weight on the counting tray, and finally for the differences in 
absolute counting efficiency between the selenium isotopes and 140 Ba under these conditions. 
The ,4 ®Ba counting-rates were also corrected for self-absorption and back-scattering to the 
value corresponding to 10 mg of barium sulphate on the tray. 

RESULTS 

All results for the thermal neutron fission of 235 U are given below with estimated 
overall errors: literature values' 3 * are also shown for comparison. The 83 Se yield 
is derived from both the series of experiments described above. 


Table 1.—Thermal neutron fission of 233 U 


Nuclide 

Cumulative yield (%) 

This work 

Reference (7) 

«i"Se 

0-0076 4 0-0009 

0 0084 

81 Se 

0-21 40-02 

0-14 

nj-Se 

0-34 ±002 

— 

83 Se 

0-218 ±0-022 

0-22 

84 Br 

0-93 ±0-05 

0-92 


These results lead to a value of 0-56 per cent for the total chain yield of mass 83, 
as 83 Br has a negligible independent yield. This is somewhat higher than the value 
of 0*51 per cent quoted by Katcoff .' 31 

The thermal neutron fission of 233 U 

The cumulative fission yields of 8I Se, 81m Se and 83 Se were measured in a series of 
experiments analogous to those reported above in Section (2) of the 235U work, the 
yields being relative to 140 Ba = 6-52 per cent.' 14 * This is the total chain yield of 
mass 140 less 0*3 per cent for the independent yield of 140 La. This value was selected 
in preference to the value of 5-4 per centf 7 * as it is more consistent with the yields at 
neighbouring mass numbers. 

The cumulative fission yields of the three isomers are given below. 

Table 2. 

81m Se 0-034 ±0-002% 

81 Se 0-322 ± 0-040% 

83 Se 0-40 ±0-03% 


141 P. R. BmtNOSTi, D. E. Irish and R. H. Tomlinson, Canad. J. Chem. 39, 628 (1961), 
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20 MeVproton fission o/ J35 U - ; . 

The cumulative yields of aim Se, i3 Se, 83 Br aod <4 Br were measured for 20 MeV proton 
fission of 235 U. Twenty milligram samples of enriched (93 per cent «»U) uranium metal 
wrapped in aluminium were irradiated in the internal cyclotron beam at a mean proton 
energy of 20 MeV for times between S and 10 min. Separate irradiations were carried out 
for the selenium and bromine determinations. The target was dissolved in a mixture of 
nitric and hydrochloric acids under a reflux condenser to prevent loss of bromine; both 
bromine or selenium and molybdenum carriers were present at this stage. The radiochemical 
procedures for bromine and selenium were those used in the earlier stages of this work. 
Molybdenum was separated using a procedure based on precipitation of molybdenum with 
a-benzoinoxime followed by ferric hydroxide scavenging steps and a Anal precipitation as 
the 8-hydroxyquinoiinate. 

The selenium decay, curves showed only 57 min and 248 hr activities, owing to the 
length of time which elapsed between the end of the irradiation and the start of counting. 
The bromine decay curves were analysed for 2 48 hr 81 Br and 32 min * 4 Br. All counting 
rates were corrected for self-absorption and back-scattering effects, and for the differences 
in absolute efficiencies between the selenium and bromine isotopes and "Mo. 

Pour separate determinations were made for both selenium and bromine. Table 3 
shows the yields relative to "Mo ■=■ 1 -00. 


Table 3. 


su»Se 

0-034 ±0 006 

«Se 

0-123 ± 0 020 

«JBr 

0-21 ±0-02 

* 4 Br 

0-43 ±0-04 


DISCUSSION 

In the thermal neutron fission of 235 U the value predicted for the fractional chain 
yield of 81 Sc on the basis of the equal charge displacement rule* 15 - i®> is 0-01. 
Essentially all the observed 81 Se is therefore formed through the decay of its precursor 
8 >As, and the ratio of the cumulative yields of the isomers of 81 Se is simply determined 
by the branching ratio for this decay. Similarly the predicted fractional chain yield 
of 8, Se for 233 U thermal neutron fission is 0 02, and we would therefore expect the 
ratio of the cumulative yields of the two isomers of 81 Se to be the same as that 
observed for 233 U fission. 

Taking a total chain yield for mass 81 in 233 U fission of 0-34 per cent, the two 
ratios are given below. 


81 Se 

8 i m Se 


233U 
~ 23 


235U 

28 


In view of the uncertainty in the total chain yield for the 233 U case the agreement is 
satisfactory. 

For 83 Se the predicted fractional chain yields in the thermal neutron fission of 
233 U and 235 U are 0-12 and 0-13 respectively. The observed ratios of the cumulative 
yields of ® 3 Sc/ 83 "Se for the two species undergoing fission include a contribution from 

(15) L. E. Glendenin, C. D. Coryell and R. R. Edwards, reference 9, paper 52. 

<»«> A. C. Wahl, J. Inorg. Nucl. Chenu 6, 263 (1958). 
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the independent formation of the isomers. Taking the total chain yield of mass 83 
ifl 233U thermal neutron fission as 1 -0 per cent (average of the values from <7) and < 161 ), 
these ratios are: 


«3Se 

83«Se 


233U 
0-67 


235 U 
0-62 


Jones et a/." 71 , in a study of the fission of 23S U with protons in the energy range 
12-20 MeV, have given a mass yield curve for the 20 MeV proton fission of 23S U. 
The results reported here are consistent with their results, but lead to a somewhat 
broader mass-yield curve. The total chain yield of mass 8f was estimated from a 
mass-yield curve using both Jones’ and the present results. The total number of 
neutrons emitted in the 20 MeV proton fission of 235 U is ~ 5," 81 and using the equal 
charge displacement rule it is estimated that > 95 per cent of the total chain yield 
is found in the cumulative yields of 8! Se and 83 Se. The fractional chain yields of 
8I Se and 83 Se are estimated to be ~ 0-14 and ~ 0 25 respectively. The contributions 
by the selenium isotopes to the observed cumulative yields in 20 MeV proton fission 
are thus much larger than those in thermal neutron fission. 

The observed cumulative yield ratios are - 


8'Se 

8i m Se 


0-57 


»3Se 

83 m Se 


= 1-41 


For thermal neutron fission these ratios were ~ 25 and 0-65 respectively. 

The change in these ratios m going from thermal neutron fission to 20 MeV 
fission is due to the increased independent formation of the selenium nuclides at 
higher energies. For the ratios to change in the observed directions it is necessary 
that for 20 MeV proton fission the isomer 8i m Se be formed in higher independent yield 
than 8iSe, and 8 3Se in higher independent yield than 83 m Se. Both 83 m Se and 83 Se are 
the high-spin isomers of their respective pairs.' 21 

V allis ' 191 has found the ratio 8iSe/ 81m Se to be ~ 9 in the 14 MeV neutron 
fission of 235 U, a value which is intermediate between those reported above for thermal 
neutron and for 20 MeV proton fission of 235 1). A similar argument suggests that in 
this case also the high spin isomer is favoured m independent formation. 

Very few other determinations of independent isomer ratios are available. 
Talat-Erben el a/.' 41 found that in the thermal neutron fission of 23 3U, 235 U and 
239 Pu, and in the pile neutron fission of 232 Th the high spin isomer of 131 Te was 
formed in greater independent yield than the low spin isomer. In contrast to these 
results Croall and Glendenin ' 61 found that the low spin isomer of 106 Rh was 
favoured in independent formation from the thermal neutron fission of 23 3U and 
239 Pu. It has also been observed that the low spin isomer of 11 'Pd is favoured m the 
thermal neutron fission of 233 U and of 239p u ,(i4) p or high energy (> 45 MeV) 
fission the only isomer pair studied is n5 Cd, and Bailey concludes' 201 that at these 
high energies the high spin isomer is favoured. 

1171 W. H. Jones,. A. Timnick, J. H. Paehler and T. H. Handley, Phys. Rev. 99,184 (1955). 
u,) B. J. Bowles, F. Brown and J. P. Butler, Phys. Rev. 107, 751 (1957). 

<i9> D. G. Vallis, AWRE, Aldermarston, Berkshire, England, private communication (1961). 
<101 S M. Bailey. Report UCRL 8710 (1959). 
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Whilst the results are too few to enable firm conclusions to be drawn about the 
i ndep endent formation of nuclear isomers, it does appear that there is a difference 
between nuclides near the trough of the mass-yield curve, and those near the peaks; 
this certainly seems to be the case for the few measurements in low and medium energy 
fission. For nuclides near the trough ( 106 Rh and 111 Pd) the low spin isomer is 
favoured, while for nuclides formed in more asymmetric fission ( l3I Te, 83 Se and 81 S$), 
the high spin isomer is the favoured one. ft is possible that this difference is associated 
with differences found in other properties of the fission products, for example, their 
kinetic energy. 

Acknowledgements —The authors are indebted to Mr. G. N. Walton for discussions through¬ 
out this study, and to Mr. R. Pollard for experimental assistance in the early stages of the 
work. 
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INFRA-RED STUDY OF SOME OXY-IONS OF SULPHU& 
ATTACHED TO AN ION-EXCHANGE RESIN 
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Abstract —The infra-red spectra of sulphate, sulphite, thiosulphate, metabisulphite, dithionate 
and tetrathionate ions attached to the anion-exchanger, Amberhte IRA-400, have been 
studied. The spectra are different from those of the ions in the crystalline state as regards 
number and positions of absorption bands. Sulphate, thiosulphate and dithionate ions 
are readily exchanged for bromide ions, if a sample of Amberhte IRA-400 is pressed into 
KBr. Tetrathionate ions do not react in this way. If sulphite, thiosulphate and metabisulphite 
ions are attached to the anion-exchanger, Amberlite IRA-400, and the ion-exchanger is 
dried, these ions are easily oxidized by atmospheric oxygen to sulphate, tetrathionate and 
sulphate plus dithionate respectively. The infra-red spectra of potassium sulphate, meta¬ 
bisulphite, dithionate and tetrathionate are discussed briefly with special attention to the 
assignment of the overtones in the 2000-2500 cm -1 region. 

Complex inorganic ions are generally studied either in the crystalline state or in 
solutions. An ion-exchanger provides a matrix for the complex ions, which is 
basically very different from the two other matrices. The ions are much more 
accessible, for instance, for various reagents, than in a rigid crystal lattice. The 
forces on the ions, exerted by the surrounding medium, are different in the three 
cases Consequently, the infra-red spectra of the ions attached to an ion-exchanger 
differ from those in a crystal lattice or in solution. In this study the infra-red spectra 
of sulphate, thiosulphate, metabisulphite, dithionate and tetrathionate ions attached 
to the anion-exchanger, Amberhte IRA-400, as well as the spectra of K 2 SO 4 , K 2 S 2 O 5 , 
K 2 S 2 0<j and K 2 S 4 0 6 , are discussed. It is shown that SO 3 2 -, S 2 O 3 2 - and S 2 O 5 2 - are 
veiy easily oxidized by atmospheric oxygen if they are attached to Amberlite IRA-400. 

EXPERIMENTAL 

Samples of Amberlite IRA-400 with the appropriate anions attached to it, were prepared 
by treating the resin with solutions of salts of these anions. The saturated resin was then 
thoroughly washed with water, dried and ground using a liquid-grinding technique.**) It 
was dried finally in vacuum over phosphorous pentoxide. Infra-red spectra of these samples 
were recorded using dispersions in vaseline or KBr. The dispersions in KBr were prepared 
by applying a pressure of 10,000 kg/cm 2 for 2 min. The potassium salts were studied only 
as vaseline mulls. The spectra were recorded with a Perkin Elmer 21 double-beam infra¬ 
red spectrometer, fitted with a NaCl prism. 

RESULTS AND DISCUSSION 
Potassium sulphate, metabisulphite, dithionate and tetrathionate 

As the spectra of the potassium salts are of interest for the discussion of the 
spectra of the ions attached to Amberlite IRA-400, they are presented first with a 
discussion of new features. The infra-red spectra of K 2 S0 4 , K 2 S 2 0j, K 2 S 2 0 6 , 

**’ A. Strasheim and K. Buus, Spectrochlm. Acta, 16, 1010 (1960). 
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and K 2 S 4 O 6 in the regions 650-1350 and 2000-2500 cm -1 , are shown in Fig. 1. 
The very weak bands in the region 1350-2000 cm -1 , are not reported because of the 
uncertainties due to atmospheric water and vaseline bands. 

The frequencies and assignments for K 7 SO 4 are given in Table 1. 



Fro. 1.—The infra-red spectra of K 2 S0 4 (-4). K 2 S 2 Oj (B), K 2 S 2 0 6 (C) and K 2 S 4 0 6 (£>). 

* Bands due to vaseline. 
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Tabu 1 ,—Frequencies and assignments for KjSO« 


Frequency Rel. intensity* Assignment 

VW V, (A t ) 

vw Vi+Vi(F 2 ) 

vh 1 2V3 (At +E+Fi) 


* s: strong, m: medium, w: weak, v:very, sh: shoulder, hr: broad. 

K 2 SO 4 has been studied previously by Duval and Lecomte < 2 > in the region 
6-15 (i and Miller and Wilkins< 3 >, who found only the vj band at 1110 cm -1 . 
K 2 SO 4 crystallizes in the space group V h i6 -Pnma with four molecules in the unit 
cell.< 4) The site group <5) of SO 4 2 - is C v All degenerate levels are thus split and all 
modes become infra-red active. 

The frequencies and assignments for K 2 S 2 O 5 are listed in Table 2. The bands 
are numbered with Roman figures, as no assignments of species could be given. 


Table 2.-— The frequencies and assignments for K 2 S 2 O 5 


Frequency (cm -1 ) 

Rel. intensity 

Assignment 

652 

s 

1 

980 

vs 

11 

1058 

s 

III 

1084 

vs 

IV 

1173 

vs 

V 

1183 

s sh 

VI 

1289 

VW 

2 x 1 

2022 

vw 

11+III 

2060 

vw 

11 +IV 

2149 

vw 

III + IV 

2227 

vw 

III + V 

2257 

vw 

IV + V 


The spectrum of K 2 S 2 0 5 has been studied by Simon et a!S 6) and Miller and 
Wilkins. <3) The latter authors found bands at 1105 cm -1 and 1250 cm* 1 which are 
due to dithionate and sulphate impurities respectively, as will be discussed later in 
this paper. The crystal structure of K 2 S 2 OJ has been determined by Zachariasen< 7 > 
and confirmed and refined recently by Lindqvist and M5rtsell.< 8 > They found 
that the space group is Cf h -p2i/ m , with two molecules per unit cell. The site group 

(2) M. Duval and J. Lecomte, C.R. Acad. Sci., Paris, 227,1153 (1948). 

,3> F. A. Miller and C. H. Wilkins, Anafyt. Chem. 24, 1253 (1952). 

(4) L. Andolt Bornstein, Zahlenwerte und Funktionen, Band IV. Springer Verlag, Berlin (1955). 
(5 > R. S. Halford, J. Chem. Phys. 14, 8 (1946). 

(6> A. Simon, K. Waldmann and E. Steger, Z. anorg. Chem. 288, 131 (1956). 

<71 W. Zachariasen, Phys. Rev. 40, 923 (1932). 

I. Lindqvist and M. M&rtsell, Acta Cryst . 10,406 (1957). 
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is C„ as is the ionic point group. The X-ray analysis shows unambiguously that a 
S-S bond is present in the metabisulphite ion. Simon et al. concluded from their 
Raman and infra-red studies that the ion contains a S-O-S bond and has symmetry 
C 2l . Their evidence is based mainly on the occurrence of four stretching vibrations 
and on the intensity ratios of the Raman lines. The intensity of Raman lines in the 
solid state, however, is a rather dangerous criterion. If the band at 1183 cm -1 is 
regarded as a fundamental, there are five fundamentals present in the S-0 stretching 
region as is expected for a S 2 O s 2 - ion with C t symmetry and containing a S-S bond. 

It is impossible from the infra-red spectrum, to distinguish between the three 
stretching modes of species A' and the two of species A”. 

The frequencies and assignments for K. 2 S 2 0<j are given in Table 3. The assign¬ 
ments of the symmetry species are given for the symmetry of the free ion {Dj d ). 


Table 3. 


Frequency (cm -1 ) 

Rel. intensity 

Assignment 

712 

vw 

1*2 (A tg ) 

994 

998 

r*} 

vj (£«) 

1093 

VW 


1200 

w sh\ 

Vi ( At e ) 

1212 

m J 

t>io {E g ) 

1230 

1243 

sh\ 
vs J 

Vi {Aiu) 

1268 

wsh 

Combin. band 

2086 

vw 

tfi+r? (£■«) 

2208 

vw 

Vt + Vio {Aiu + Am + Eu) 

2329 

vw 

U 1 +U 5 {A 2 u) 



f V5 +Uio (£»), 2v s (Ai g ) 

2450 


\ and 2»i» (^4 !,+£,) 


The frequency values differ slightly from those reported by Duval and Lecomte 19 * 
who studied the region 6-15 (i. The space group of K 2 S 2 0 6 is D i 2 ~P'i2\, with three 
molecules per unit cell. 110 * The dithionate ions in the unit cell are not all equivalent: 
one has site symmetry D it the other two C 3 . The splitting of v 5 , v 7 and v 10 , which 
is caused by this phenomenon, is discussed elsewhere.* 11 * The assignment of v 2 is 
based on the occurrence of a polarized Raman line at 710 cm -1 for aqueous solu¬ 
tions. 19 * It is further seen from Table 3 that the symmetry species of all overtones 
contain one of the species which are active under D 3d symmetry (A 2u and EJ. 

The frequencies and assignments for K^Oe are given in Table 4. 

No reference to the infra-red spectrum of crystalline K^Og has been found in 
the literature. In BaS 4 0 6 -2H 2 0, the chain of sulphur atoms in the S 4 0^- j 0 n is 
non-planar,< 12 * so that the ion has symmetry C,. The space group of K 2 S 4 06 is 
C,*-Ce. There are eight molecules per unit cell. 113 * The space group C* contains 

(*> C. Duval and J. Lecomte, Bull. Soc. Chim. France, 11, 376 (1944). 

11 °* E. Stanley, Acta Cryst. 9, 897 (1956). 

<>‘> K, Buus, J. Chem. Pfiys. 36, 861 (1962). 

(ii> O. Foss, S. Furberq and H. Zachariasen, Acta Chem. Scand. 8 ,459 (1954). 

1131 G. Tunell, H. E. Merwin and C. J. Ksanda, Amer. J. Sci. 35 A, 361 (1938). 
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Table 4.— Frequencies and assignments for K 2 S 4 0« 


l 


Frequency (cm “ 1 ) 

Rel. intensity 

Assignment 

646 

m 

l>7 

1016 

vs 

t > 6 

1040 

s 

Vs 

1044 

sh 

Combination or 
overtone band 

1198 

vs 

t>4 

1209 

vs 

t>3 

1225 

vs 

V2 

1245 

vs 

Vl 

1259 

s 

\ Combination or 

1267 

m 

J overtone bands 

2033 

vw 

2vs 

2053 

vw 

t>5 + l > 6 

2086 

vw 

Ivs 

2212 

vw 

U 4 + U 6 

2250 

vw 

V}+V, 

2439 

vw 

Vi+Va,Vz + Vs 

2469 

vw 

V1+V2 


only sites with Ci symmetry, which is thus the same symmetry as the S 4 CV" ion in 
BaS 4 0 6 -2H 2 0. As a consequence, all modes are infra-red active and belong to the 
species A. The assignment of the bands in the 1000-1300 cm ' 1 region is based on 
the following considerations. 

Firstly, the strongest bands generally arise from the fundamentals. Secondly, 
the bands assigned to the fundamentals give the best agreement for the combinations 
and overtones in the 2000-2500 cm -1 region. Thirdly, it can be expected that the 
S-0 stretching modes in S 4 0 6 2- have frequencies very similar to those in S 2 0<) 2 -. 
As only six fundamentals are S-0 stretching modes, the bands at 1259 and 1267 cm -1 
and the shoulder at 1044 cm -1 have to be assigned to combinations or overtones. 


Ions attached to Amberlite IRA-400 

In Fig. 2 are shown the spectra of S0 4 2 ~, S 2 C> 6 2 ~ and S 4 0 6 2- attached to 
Amberlite IRA-400. A number of bands in the mull spectra arises from the ion- 
exchange resin, the spectrum of which has been discussed elsewhere . 11 ** 1 In the 
spectra of the KBr disks, these bands are compensated for by placing the appropriate 
amount of the bromide form of Amberlite IRA-400 in the reference beam of the 
spectrometer. 

The mull spectrum of the sulphate ions attached to Amberlite IRA-400 shows 
only a strong broad band at 1093 cm - 1 (Fig. 2A). No splitting is observed, the 
broadness of the band is due to the differences in the interaction forces to which the 
ion is subjected at different positions on the resin . 1141 

1141 A. Strasheim and K. Buus, Spectrochlm. Acta, 17 f 388 (1961), 
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Fio. 2.—The infra-red spectra of SO* 2- 04), SjOe 2- (5) and S 4 O 6 2- (C) 10 ns attached to 

Amberlite IRA-400. 

Full lines: Vaseline mulls. 

Broken lines: KBr disks. 

Arrows indicate the relevant bands in the mull spectra. 


The KBr spectrum is identical with the spectrum of K 2 SO 4 . Two different 
reactions can occur if an ion-exchanger is pressed together with KBr. In the first 
case the ions which were attached to the resin dissolve in the KBr, giving a solid solu¬ 
tion, as do for instance NO 3 - 10 ns. (15i In the second case, as is found here, an 
exchange takes place, leading to the formation of the potassium salt of the 10 ns. 
From spatial considerations it is evident that SO 4 2 - ions cannot form a solid solution 
in KBr. 

The frequencies of the bands for S 2 CV" and S 4 0 6 2 ~ ions are given in Table 5. 

1 5) A. Strasheim and K. Buus, J. Chem. Phys. 34, 691 (1961). 
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Table 5.—The frequencies of absorption bands of S 2 (V - and SsOs 1 - ions attached 
TO AMg BRUTE IRA-400 WITH THE FREQUENCIES OF KjS;Q« AND listed for comparison 

~~ Sj06 2_ “* 


Mull 


KBr 


KiSiO, 

Frequency (cm -1 ) 

Rel. intensity 

Frequency (cm -1 ) 

Rel. intensity 


986 

s 

985 

sh 




994 

sh 

994 



998 

s 

998 

1087 

vw 



1093 

1185 

sh 

1200 

sh 

1200 



1212 

m 

1212 

1230 

vs 

1243 

vs br 4 

f 1230 
^ 1243 


S 4 CV- 


Frequency (cm -1 ) 



Mull 

KBr 

Rel. intensity 

k 2 s 4 o 6 

1013 

1014 

VS 

1016 

1039 

1041 

s 

1040; 1044 

1220 

1221 

vs 

1198; 1209 

1233 

1233 

vs 

1225; 1245 


Some distortion of the ion is evident from the intensity (which is somewhat 
higher than in K 2 S 2 0 6 ) of the A la mode (1087 cm -1 ) in the mull spectrum of S 2 CV - 
attached to Amberlite IRA-400. The spectrum of the S 2 C> 6 2- form of Amberlite 
IRA-400 pressed in KBr, clearly shows the presence of K 2 S 2 O fi . The broadness of 
the 1234 cm -1 band and the shoulder at 985 cm -1 are due to S 2 0 6 2- 10 ns still attached 
to the resin. 

The high frequency stretching modes are not resolved for S 4 0 6 2 ~ attached to 
Amberlite IRA-400. The spectra of vaseline and KBr disks are identical. Thus in 
the series SO 4 2- , S 2 0 6 2- , S 4 0 6 2- the ions tend to stick more to the ion-exchanger. 
In the same way tetrathionate 10 ns in solution are able to poison anion-exchange 
resins. They can then only be removed after decomposition. 

Oxidation of ions attached to Amberlite IRA-400 

When an attempt was made to record the spectrum of sulphite ions attached to 
Amberlite IRA-400, it was found that the spectrum was identical with that of sulphate 
10 ns. An analysis of sulphite, using the method of West and Gaeke < 1S >, indicated 
that immediately after drying, 0-2 micro equivalents of SO 3 2- were present per mg of 
sample—about 10 per cent of the capacity of the ion-exchanger. After 24 hr of 
exposure to the atmosphere, however, only 0'08 micro equivalents per mg were found. 
In a KBr pellet containing 2 mg of a fresh sample, no sulphite was found. From 
these observations it is concluded that SO 3 2 - ions attached to Amberlite IRA-400 
are very rapidly oxidized by atmospheric oxygen, if the resin has been dried. 

<16) P- W. West and G. C. Gaeke, Analyt. Chem, 28, 1816 (1956). 
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Similar reactions have been observed with thiosulphate and metabisulphite 
ions. The spectra of S 2 O 3 2 - and S 2 0 5 2 - attached to Amberlite IRA-400 are shown 
in Fig. 3. The occurrence'of hydrates of K 2 S 2 C >3 hampers the observation of the 
infra-red spectrum of this'compound. However, from measurements on partly 
hydrated samples and from data on other thiosulphates, (17> it is known that no strong 
thiosulphate bands occur in the region 1200-1300 cm -1 . The band occurring in 
this region for S 2 0j 2 ' attached to Amberlite IRA-400 should accordingly be assigned 
to tetrathionate ions as is also in agreement with the positions of other bands. The 
frequencies found and compounds identified are listed in Table 6 . 

The intensity ratios of the strong bands dearly show the substitution of thio¬ 
sulphate by tetrathionate on the resin. Thiosulphate ions are thus oxidized by 
atmospheric oxygen if they are attached to an ion-exchange resin in the same way as 
they are oxidized by iodine in aqueous solution. The spectra of the KBr disk and 


BOO 1200 HOO OOO 900 800 TOO 



FREQUENCY (CM -1 ) 

Fio. 3.—The infra-red spectra of Amberlite IRA-400 treated with SzOj* - (A) and S 2 Oj 2- 

(B) ions. 

Full lines: Vaseline mulls. 

Broken lines: KBr disks. 

jgL Arrows indicate the relevant bands in the mull spectra. 


iuval and J. Lecomte, C.R. Acad. Set., Paris, 213, 998 (1941). 
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Table 6.— The frequencies and compounds for amberute IRA-400 treated with 
thiosulphate (frequencies found for PURE COMPOUNDS INDICATED in brackets) 


Frequency (cm -1 ) 

KBr 

Mull 

Compound 


654 

SiOi J " 1 

671 


KjSjOj 


990 

S 2 O 3 2- 

1006 


k 2 s 2 o 3 


1013 

Sj03 j "+S 4 0« 2 - (1013) 

1015 


S 4 0 6 J - (1014) + K 2 S 2 O3 

1039 

1036 

S 4 O 5 2- (1040) 


1047 

? 


1099 

S 2 O 3 2 " 

1129 


K 2 S 2 0 3 

1234 

1233 

S 4 (V- (1233) 


the vaseline mull show successive stages of the oxidation process. The oxidation 
process evidently is much slower than is the case with sulphite ions. From the 
different positions of S 2 O 3 2 ' bands in the mull and in the KBr disk, it follows that 
thiosulphate is also exchanged readily with bromide on the resin. 

The frequencies found and compounds identified in Amberlite IRA-400 treated 
with S 2 O 5 2 - ions are listed in Table 7. 

Table 7.— The frequencies and compounds for amberute IRA-400 treated with 
S 2 0 5 2 ~ ions (frequencies found for pure compounds indicated in brackets) 


Frequency (cm -1 ) Compound 


KBr: 985 

K 2 SO 4 (983) 

996 

KjSjOs (998) 

1048 

? 

1118 

K 2 SO 4 (1113) 

1140 

K 2 SO 4 (1142) 

1213 

K 2 S 2 0« (1212) 

1241 

K 2 S 2 0s (1243) 

Mull: 985 

SjOj 2 ' (K 2 S 2 O 5 : 980) + 


SjOa 2- (986) 

1046 

? 

1073 

S 2 O 5 2 - (K 2 S 2 O 5 :1084) 

1093 

SO* 2- (1093) 

1189 

S 2 O 3 2 - (K 2 S 2 0j: 1173 


and 1183) 

1228 

S 2 0 6 2- (1230) 


The spectrum shown in Fig. 3(B) is fully compatible with the occurrence of 
S 2 0 6 2 - and S0 4 2- on the ion-exchanger. According to Basset and Henry 08) 
crystals of potassium metabisulphite are slowly oxidized in a humid atmosphere 

(u) H. Basset and A. J. Henry, J. Chem. Soc. 914 (1935). 



with formation of K 2 SO 4 and K 2 S 2 O 6 . This slow process is thus accelerated con¬ 
siderably if ions are attached to Amberlite IRA-400. The rate of oxidation in this 
case is greater than that of thiosulphate ions, as no metabisulphite is found in the 
spectrum of the sample in a KBr disk. 

CONCLUSION 

Infra-red studies of ions attached to an ion-exchanger offer the possibility of 
observing these ions in a very special medium. The special conditions prevailing 
in this medium are clearly shown by the very high sensitivity towards atmospheric 
oxygen displayed by sulphite, thiosulphate and metabisulphite ions attached to 
Amberlite IRA-400. 
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INFRA-RED ABSORPTION OF WATER OF HYDRATION 
IN LANTHANIDE TRICHLORIDES* 

R. J. Morrow and A. Palm 
Lawrence Radiation Laboratory, University of California, , 

Livermore and Berkeley, California 
(Received 12 September 1961; in revised form 12 October 1961) 

Abstract—The absorption spectra of the hydrated lanthanide trichlorides were examined 
in the region between 4000-400 cm -1 by the KBr disk technique. The mqjor bands are 
assigned to vibrations characteristic of the water molecules on the basis of the consistent 
pattern of the observed spectra, and isotopic frequency shifts upon deuteration. 

While the majority of spectroscopic investigations of the rare earth salts reported 
in the literature treat electronic transitions, this survey deals with vibrational transi¬ 
tions. A recent study of hydrated praseodymium zinc nitrate and cerous nitrate* 1 ) 
is similarly concerned with internal vibrations. The absorption bands observed here 
are only indirectly associated with the lanthanides, since they arise essentially from 
the water molecules which form a hydration shell about the central cation. During 
the past ten years absorptions characteristic of water of hydration have been in¬ 
vestigated extensively, particularly the OH stretching and the HOH bending modes. 
Some of the recent work refers to these as well as to the vibrations occurring in the 
CsBr region.* 2 * 

EXPERIMENTAL 

Spectroscopic measurements 

The spectra were obtained from samples dispersed m a KBr matrix by customary 
techniques. Several spectra of Nujol mulls were recorded also in order to establish effects 
of sample preparation. The Perkm-Elmer Models 21 and 221 double-beam instruments 
equipped with NaCl, KBr, and CsBr optics were employed. In some cases the error in the 
reported frequencies is greater than the instrumental error because of the unresolved broad 
envelopes of many of the bands. 

Sample preparation 

Lanthanide oxides (99-9 per cent purity) purchased from Lindsay Chemical were 
employed. The trichlorides were prepared by dissolving the respective oxides in an excess 
of concentrated HC1 while being heated. Water was added and the excess acid was removed 
by slow evaporation. The final crystalline material was obtained after storing in an evacuated 
desiccator for several days. The cerous salt was prepared via the ammonium hexanitrato 
cerate according to the procedure outlined by Smith. <5* 

The deuterated hydrates were prepared by sweeping dry HC1 and argon past the 
lanthanide trichlorides while being heated in a furnace to 300°C in the course of an hour. 
This temperature was maintained for another hour before the sample was cooled slowly 
under a continuous stream of gas. Subsequently, a small quantity of D 2 O was added to 
the crystalline material which was then transferred to a dry box and pressed into a KBr 
pellet. 

* This work was performed under the auspices of the U.S. Atomic Energy Commission. 

(I) H. G. Haefele, Z. Physik. 148, 262 (1957). 

(J) See for example, F. A. Miller, G. L. Carlson, F. F. Bentlev and W. H. Jones, 
Spectrochim. Acta. 16, 135 (1960). 

<3> G. F. Smith, Cerate Oxidimetry. Smith Chemical Company, Columbus, Ohio (1942). 

239 



PEflCtflT 


340 


R. J. Morrow and A. Palm 


RESULTS 

The prominent absorption maxima, summarized in Table 1, persist throughout 
the series of compounds studied. Because of the dose resemblance between the 
individual spectra, only a representative set is reproduced in Figs. 1 and 2. The 
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Fig. 1 ,—The infra-red absorption spectra of hydrated holmium trichloride- ordinary water; 

partially deuteratcd water. 
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Fra. 2.—The infra-red absorption spectra of hydrated praseodymium trichloride; 
lower curve; ordinary water; upper curve: partially deuterated water. 
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bands occurring in the KBr region exhibit broader contours than those in the NaCl 
region with the exception of the 3340 cm -1 band which has an apparent half-width 
of about 280 cm -1 . The half-width of the low-frequency bands Varies between 104 
and 126 cm -1 . The poor spectral quality appears to be inherent in the nature of the 
material investigated rather than caused by sample preparation since both KBr disks 
and Nujol mulls yielded similar band envelopes and relative intensities. The frequencies 
appear butslightly altered, except for the absorption peak near 1090cm" 1 whichis shifted 
to about 1150 cm -1 in the Nujol spectra of the majority Of compounds investigated. 

Although the gross features of the spectra recur within the series, dissimilarities 
as a result of the hygroscopic nature of these salts are observed. The lanthanide 
trichlorides form monoclinic hexahydrated crystals, 141 [M(H 20 ) 6 ] 3+ Cl;: however, 
the rare earth ion concentrations of our samples determined by complexometrio 
titrations (EDTA)< 5b > indicate a trihydrate of praseodymium, a nonahydrate of 
holmium, and hexahydrates of the remaining chlorides. In terms of cation concentration, 
deviations from stoichiometric ratios vary between —3*2 per cent for ytterbium 
and —0*43 per cent for dysprosium. 

DISCUSSION 

The common features of the spectra and the fact that absorptions arising from 
forbidden 4f electronic transitions are attenuated by many orders of magnitudes, 
evince that none of the prominent bands are of electronic origin. 

The spectra are identified as shown in the last column of Table 1. The peak 
ascribed to the OH antisymmetric stretching mode occurs near 3340 cm -1 throughout 
the series, indicating moderately strong hydrogen bonding of 5-6 kcal per mole.* 3 * 1 
On the basis of an empirical relation between the OH stretching frequency and known 
interatomic distances, 161 the hydrogenbonded 0-0 distance, O-H * * ■ Cl, is 
estimated to be about 3*07 A. This value agrees reasonably well with the interatomic 
distances O-H • • • Cl of 3*14 to 3*24 A derived from X-ray diffraction analyses of 
gadolinium trichloride hexahydrate. 171 The spectra of the neodymium, gadolinium, 
and terbium salts are particularly intense. There the OH stretching band exhibits 
distinct maxima at about 3500 and 3240 cm -1 . In accord with similar suggestions 
advanced recently, 181 the former can possibly be assigned to the symmetric stretching 
vibration and the latter to the first overtone of the bending mode. The structure of 
the OD stretching band observed in the spectra of the samarium and holmium salts 
is interpreted analogously. Then, the high and low frequency peaks would correspond 
to t>i and to 2 u 2 , respectively. 

The well-defined band near 1620 cm* 1 is associated with the in-plane bending 
mode and that near 770 cm* 1 with an OH libration about an axis perpendicular to 
the symmetry axis. Spectroscopic investigations of ice, 181 hydrated aluminium 
chloride, 1 ? 1 and silicates and phosphates, 1101 for instance, corroborate this assignment. 
141 A. Pabst, Amer. J. Science, 222,426 (1931). 

151 (a) R. M. Badger, J. Chem. Phys. 8, 288 (1940); (b) J. S. Fritz, R. T. Oliver and 
D. J. Pietrzyk, Analyt. Chem. 30, 1111 (1958). 

1,1 O. Glemser and E. Hartert, Naturwissenschaften, 42, 534 (1955). 

171 M. Marezio, H. A. Plettinger and W. H. Zachariasen, Acta Cryst. Comb. 14, 
234 (1961). 

1,1 D. F. Hornig, H. F. White and F. P. Redino, Spectrochim. Acta 12, 338 (1958). 

171 E. Hartert and O. Glemser, Z. Elektrochem. 60,746 (1956). 

1101 Ya I. Ryskin and G. P. Stavttskaya, Opt. and Spectrosc. 8 , 320 (1960). 
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Table 1 { continued ). —Absorption bands of hydrated lanthanide trichlorides 
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The spectra of the deuterated salts demonstrate the expected isotopic frequency shifts 
(Ro ~ 1 -32). A band near 690 cnr 1 which appears in some of the spectra may 
likewise be identified as a librational mode. (8) 

Undoubtedly, the low-frequency maxima are associated also with the water of 
hydration, but the deuteration studies did not clarify their identification. Presumably, 
displacements of the oxygen atoms of the octahedral complex [M(OH 2 )g] contribute 
largely to these absorptions. 

The summation band near 2220 cm -1 is tentatively ascribed to a combination of 
the bending mode near 1620 cnr 1 with a band near 600 cm- 1 , observed throughout 
the series, rather than to the second overtone of a librational mode.< 8 > The peak at 
about 1090 cm-* is probably a combination of the libration band near 770 cm > with 
a calculated band at about 320 cm -1 , characteristic of the octahedral complex.UO 

Acknowledgement— The authors are grateful to E. Smathers for her assistanc e in the 
preparation of the lanthanide trichlorides and F. B. Stephens for the analyses of 
compounds. 

<”> R. Lafont, Ann. Phys. 4, 905 (1959). 
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INFRA-RED SPECTRA OF NITRATE SALTS IN TRDBUTYL 
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Abstract—The infra-red spectra of some sixteen nitrates are observed in tributyl phosphate 
solvent. The splitting of the band of the nitrate ion is followed in particular. The findings 
are shown to be consistent with the concept that in general in these solutions a co-ordinate 
bond is formed between the anion and the metallic cation. The exceptions are pointed out, 
and it is established that a splitting of about 100 cnr* sei ves as a defensible division between 
essentially electrostatic splitting (lower) and splitting due to co-ordinate binding (higher). 
The correlation between the tributyl phosphate spectra and the vibrational spectra in the 
solid crystals is pointed out, and with it the apparent fact that even in the conventionally 
ionic crystals the interaction with the cation is sufficient to modify the vibrational pattern 
to that of the co-ordinately bound ligand. 

Details of the nature and the characteristics of the interaction between cations and 
anions have always been vague. Part of the difficulty has been due to the barrier of 
the classical theoretical conception of the interaction as a purely electrostatic one, 
between point charges. Part of the difficulty has come because most studies have 
been conducted in water, with its special ionizing and solvating characteristics. 
Use of semipolar solvents of low dielectric constant (e.g., alcohols) has made it 
possible to demonstrate characteristic alterations of the absorption spectrum of 
nitrate ion (1 > and of other anions, including the monatomic halides/ 2 - 3’ due to 
interaction with cations. 

The theoretical interpretations of the infra-red spectra of many polyatomic 
groupings have been worked out. In particular, the infra-red spectrum of nitrate 
ion in dilute aqueous solution has been related to the vibrations of the planar triangular 
configuration/ 4 ’ The infra-red spectra of substances like methyl nitrate, in which 
the nitrato group is tightly bonded to carbon, have also been observed and analysed.* 6 ’ 
There exists therefore a standard to which interpretations of infra-red spectra found 
for nitrates can be referred. 

One or two surveys of infra-red spectra of solid nitrates for analytical and 
identification purposes have been made/ 6 ’ and a few solids have been looked at for 

* Based on Report AERE-R 3031 (Aug., 1959). 

t Permanent address: Argonne National Laboratory, 9700 South Cass Avenue, 
Argonne, Illinois. 

t Exchange Research Scientist at A.E.R.E., 1958-59. 

<» L. I. Katzin, J. Chem. Phys. 18, 789 (1950). 

<« L. I. Katzin, J. Chem. Phys. 20, 1165 (1952). 

L. I. Katzin, /. Chem. Phys. 23, 2055 (1955). 

<4 > G. Herzberq, Infra-red and Raman Spectra. Van Nostrand, New York (1945). 

(JI J. C. D. Brand and T. M. Cawthon, J. Amer. Chem. Soc. 77, 319 (1955). 
w ’ F. A. Mujler and C. H. Wilkins, Analyt. Chem. 24, 1253 (1952). 
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alterations in the nitrate spectrum, some reports appearing since this work was 
completed.(7 -id In relatively few cases have the infra-red spectra of nitrate salts m 
nonaqueous solution been looked at. 112-141 The observations to be reported in this 
paper make systematic use of the relative ease of solution of nitrate salts in organic 
solvents, particularly the alkyl phosphates, exemplified in tri-n-butyl phosphate 
(TBP). Observations have been made on some sixteen nitrates of interest which are 
sufficiently soluble in this medium. Observations are also reported on the spectra 
of some of these nitrates in other media, for comparison. Some conclusions of 
theoretical interest will be pointed out, making supplemental use of the literature 
data on Raman spectra. 

EXPERIMENTAL 

After some preliminary trials with NaCI-pIates, thin films of solution between plates 
of CaF 2 were used, permitting observation down to ca. 950 cm -1 * The instrument used was the 
Hilger double-beam infra-red spectrophotometer, model H80D. A single plate of CaF 2 
was used in the reference light beam. Wavelength calibration was against the spectrum of 
a polystyrene film.< ls ) After the frequencies of the essentially invariant carbon skeletal peaks 
of the organic medium were well established, these could be used for internal frequency 
standard for the nitrate peaks. Frequency accuracy is on the order of +1-2 cm 1 . I am 
deeply indebted to Mr. A M. Deane for technical advice on the measurements. 

RESULTS 

The vibration frequencies agreed for the nitrate ion in dilute aqueous solution 141 
are the symmetrical stretching, 1050 cm 1 , the out-of-plane vibration (deformation) 
of the nitrogen atom, 831 cm- 1 , and the asymmetric stretch and planar rock, 1390 
and 720 cm -1 . The last two, generally identified as u 3 and o 4 , are doubly degenerate. 
The symmetrical stretch (tq) is the principal line of the Raman spectrum. In principle 
it is not to be seen in the infra-red spectrum, and in our system would be lost in the 
P-O-C absorptions of the phosphate. The strongest line of the infra-red spectrum 
is which is relatively broad. 

As can be seen in Table 1, where the new data for nitrates in solution are com¬ 
piled, the Vi band is split into two in all cases, even for lithium nitrate. The nominal 
single peak has only been found as an artefact when rocksalt plates are used. If the 
corresponding chloride of the cation in solution is at all soluble, reaction with the 
rocksalt takes place which gives a strong NaNOj peak around 1360 cm" 1 . Weak 
additional peaks are also usually shown at 835 and at 1790 cm- 1 . The firstas the 
sodium nitrate tq and the latter a combination band (iq and u 4 ). A similar behaviour 
has been noted with hydrated nitrates in Nujol mulls, 18 > 101 and may constitute a 
source of error in earlier work, as in the survey of Miller and Wilkins. 161 

*BaF2(l , 5mm) has good transmission through the NaCl region, but etches, as it is about 
100 times as soluble as CaF 2 , and many cations complex fluoride. A thin coating of CaF 2 
on BaF 2 proves only partially satisfactory for work below 950 cm -1 . 

(7> B. M. Gatehouse, S. E. Livingstone and R. N. Nyholm, J. Chem. Soc. 4222 (1957). 

181 B. M. Gatehouse and A. E. Comyns, /. Chem. Soc 3965 (1958). 

191 C. C. Addison and B. M. Gatehouse, Chem. and Industr. 464 (1958). 

1101 J. G. Allpress and A. N. Hambly, Austral. J. Chem. 12, 569 (1959). 

(u) F, Vratny, Appl. Spectrosc. 13, 59 (1959). 

1131 L. L. Burger and R. H. Moore, U.S.A.E.C. Report HW-18260 (1955). 

1131 Ya. I. Ryskin, Optiki i spektroskopiya , 6 , 113 (1959). 

1181 J. R. Ferraro, /. Inorg. Nucl. Chem . 10, 319 (1959). 

1151 E. K. Plyler, L. R. Blaine and M. Nowak, J. Research Natl. Bur. Standards , 58, 
195 (1957). 
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AWowing for the fact that in some instances exact frequency assignment 
is complicated by interference from solvent peaks, it is still clear that althon^ i^ ; ; 
may be strong resemblances between the effects of chemically related cations, tlte 
alterations of the nitrate spectrum are on the whole individual, and do not Just 
represent one, two or three spectra. The intensity ratios of the peaks are difficult to 
assign, because of the complications of the solvent interferences, and variable broaden¬ 
ing. The impression is obtained, however, that the intensities are crudely equal for 
lithium nitrate, that for slightly greater splittings the lower-frequency band is more 
intense than is the higher, and that for the highest splittings, the two bands may be 
equal in intensity, and m some cases the higher-frequency band may be slightly 
stronger. The columns of Table 1 have been arranged to accentuate the observation 
that when the lower-frequency band is above 1300 enr 1 the higher-frequency band is 
generally below 1450 cm -1 , whereas with lower-band frequencies in the range 
1270-1300 cm -1 the upper band ranges from 1460 to 1550 enr 1 Occasionally, in 
addition to the high-frequency member of the split d 3 band there are seen shoulders 
or other indications of another absorption frequency. Sometimes, in different 
preparations, the roles of main peak and shoulder seem to be reversed. These may 
be indications of a chemical equilibrium involving more than one environment for 
a nitrate group. 

Some salts, principally those whose chlorides are rather insoluble in the phosphate, 
showed no differences in the nitrate spectra above 950 cm 1 between measurements 
on fluorite and on rocksalt plates. For these, peaks appearing below 950 cm -1 in 
the rocksalt plate observations are taken to be peaks belonging to the nitrate in 
solution. Where such appeared, they are listed in Table 1. The absence of such peaks 
for a given salt may mean that they were not seen, or that because of reaction on the 
rocksalt, no statement can be made as to their presence or absence. For uranyl 
nitrate and ferric nitrate, some measurements were made on BaF 2 partially protected 
by evaporated coatings of CaF 2 . These plates had transmittance useful over the 
entire rocksalt region, but allowance had to be made for Ba(N0 3 ) 2 lines at 1350 and 
1406 cm -1 (lines at lower frequencies were not seen). 

Combination frequency peaks are sometimes seen above 1600 cm’ 1 . It is not 
certain whether the characteristic 1660 enr 1 peak of magnesium nitrate is a nitrate 
absorption or an unusual water peak/ 161 Occasional small peaks at about 1714 cm -1 
are open to the suspicion that they represent traces of acetone accidentally present. 
Thorium and uranyl nitrates show small peaks near 1028 cm- 1 in the nonphosphate 
solvents, where this region is viewable, and ferric nitrate shows one at about 943 cm -1 
in dibutyl carbitol. This last could be an HNOj peak, if hydrolysis is significant in 
this solvent. The strong P-O-C band of the phosphate in the 1000 cm -1 region does 
not allow a systematic check at these frequencies with the tnbutyl phosphate solutions. 

DISCUSSION 

In their analysis of the vibrational spectrum of methyl nitrate,< 51 Brand and 
Cawthon reported nitrate frequencies 1672 (vs) (N-O asymmetrical stretch), 1287 (j) 
(symmetrical N-O stretch), 854, 759, 657 and 578 cm- 1 . (Other nitrate esters show 
similar frequencies/ 171 ) If this is taken as the exemplar of a “truly” co-ordinatety 
bound nitrate, it bears some resemblances to the sort of spectra reported above, but 
(If> L. I. Katzin. J. Inorg. Nucl. Chern. 20. 300 (1961) 

1171 J. F. Brown, Jr., J. Amer. Chem. Soc. 77, 6341 (1955). 
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also shows some marked differences. The pair of N-0 stretch peaks resemble some 
of those in Table 1. The symmetrical stretch has a frequency which is very like that 
of a number of the nitrates in Table I, but in our data it is associated with quite a 
rang e of higher-frequency peaks attributable to the asymmetric stretch. Some of 
t hese are lower by about 200 cnr 1 than methyl nitrate’s 1672 cm -1 , and none is 
closer than about 120 cnr 1 . Further, the nitrate salts show a persistence of frequencies 
related to the nitrate ion symmetrical stretch, with the infra-red 1028 cm- 1 of the 
thorium and uranyl nitrates in methylisobutyi ketone and in dibutyl carbitol, and 
the considerable body of data from Raman spectral investigations (see below). 


Table 1.—Observed nitrate infra-red spectra in solutions 


System* Vibrational frequencies 


LiNOj—TBP 


828 



1329 

1394 




Mg(NOj) 2 —TBP 


829 



1310 

1400 



1660 

1709 

Ca(NOi)r—TBP 
CofNOjJi—TBP 
Nl(NOj)i—TBP 


825 

(■ 

~ 1290?)f 

1315 

1442 


1502 




( 

- 1290?)f 




1503 

17057 

Cu(NOj)i—TBP 




1285 



1495 

1543 


—Hexone 




1290 



1500 



—DBC 




1290 



1500 



ZnfNOjh—TBP 
Cd(N0 3 ) 2 —TBP 




1287 

1293 



1497 

1463 


1713 
~ 1710 

Fe(NOj)j—TBP 




1273 


?? 


1549 


—Hexone 




1296 




1555 


—DBC 

CrfN0 3 ) 3 (v)-TBP 


815 

943** 

1293 

(1290?) 


1450 


1551 

1714 

CrfN0 3 ) 3 (gr)TBP 




1281 




1508 


La(N0 3 ) 3 —TBP 

733 

818 


1293 

1306 


1482 


1716 

Ce(N0 3 ) 3 —TBP 

732 

822 


1290 



1490 

(1512) 

1729 









1757 

CefN0 3 )„—TBP; 
Th(N0 3 ) 4 —TBP 




1279 




1514 

1714 




1299 

(1318) 



1514 

1621, 1667 








(1548) 

1715, 1773 

—Hexone 



1027 

1287 




1531 


—DBC 



1029 

1290 




1528 


U0 2 (N0 3 )2—TBP 

740 

812 


1282 




1524 

1617 










1720 

—Hexone 



1028 

1278 




1531 


—DBC 

739 

804 

1026 

1280 




1531 



* Hydrated salts were used in preparing the solutions, and a second aqueous phase generally 
formed which was separated off, together with undissolved solid. 

TBP «■ tributyl phosphate 
Hexone — methyl isobutyl ketone 

DBT — dibutyl “carbitol” (dibutyl ether of di-ethylene glycol), 
t Concentration low, peak may be lost on P-O peak. 
t Leached from (NHshCefNO}^. 

** May be HNQ 3 frequency. 


For many, if not all, of the nitrates concerned, there is chemical and ultraviolet 
absorption spectral evidence 111 that the anions are co-ordinately bound (as dis¬ 
tinguished from being held purely electrostatically) to the cations. It seems necessary 
therefore to recognize that there are differences in the total effects of two or more 
examples in both of which good electron-sharing bonds are formed. This could 
correspond perhaps to what the theoreticist means when he calculates “percentage 
electrostatic character” of a bond, though the author hesitates to use this terminology 




Infra-red spectra of nitrate salts in tributyl phosphate solution 



because of die connotations of the term electrostatic. In a descriptive sense one might 
perhaps talk of the elasticity of a bond. In methyl nitrate, the carbon-oxygen bead 
is inelastic, relative to the O-N bond, in this sense, and the result is loss of the 
vibratory character of the nitrate group as such. Hydrolysis of organic nitrates gives 
no uniform trend—in some instances the nitrate takes the ester oxygen with it, in 
some instances it may not . 1181 With the usual labile sort of inorganic nitrate, there 
is no question of scission of the nitrate group. In the metal nitrates, the bonding of 
the oxygen by the metal atom is more elastic, and the character of the nitrate group 
can manifest itself, though obviously distorted in detail. From this view it is not 
surprising that the nitrato symmetrical N-0 stretching frequency (not to be confused 
with the nitrate symmetrical stretch at 1050 cm -1 ) should for many salts approximate 
that of methyl nitrate, while the asymmetrical stretch, involving the relative movement 
of the nitrogen and the oxygen bound to an external atom, and therefore sensitive 
to the elasticity of that bond, should be highly variable and fall far short of the limit 
set in methyl nitrate. The Raman spectrum of nitric acid* 19 ) shows a vibrational 
peak at 1680 cm -1 , resembling methyl nitrate, but also shows a peak at 1538 cm -1 , 
similar to many of the nitrates in our work, and a peak at 1301 cm- 1 . The retention 
of something like the symmetrical stretch frequency of the nitrate in salts and its 
apparent loss by the organic nitrate then follow reasonably from the difference in 
“elasticity”. It may be noted that in the nitric acid spectrum 1191 the 1050 cm -1 
vibration is replaced by one at 926 cm* 1 . This is the reason for suspecting the 943 cm -1 
absorption for ferric nitrate in dibutyi carbitol to be an indication of hydrolysis. 

A conclusion of this argument is that one may expect considerable gradation in 
elasticity of the bond to the metal ion, and therefore a corresponding gradation in 
the effect on the nitrate ion. There is thus no a priori criterion for a decision on 
which splitting of the 1390 cm -1 nitrate ion vibration represents the largest one due 
purely to asymmetry of the external electrical field, and which represents the smallest 
splitting due to an elastic co-ordinate bond. One must therefore develop a criterion 
empirically. 

The co-ordination number of lithium, in the lithium nitrate solutions in tributyl 
phosphate, is probably four. From observations of the water absorption peaks in 
the solutions , 11 and chemical evidence , 1201 it is concluded that there are probably 
two molecules of water and two of tributyl phosphate in the co-ordination sphere, 
filling it. One may take it tentatively, therefore, that in this instance the nitrate is 
held electrostatically, and that the splitting found (65 cm -1 ) is characteristic only of 
the effect of electrical asymmetry. Magnesium nitrate 1161 also brings water into the 
solution, but the co-ordination number may be six, and one cannot say certainly 
whether or not the nitrate is in the co-ordination sphere. The splitting is somewhat 
larger, 90 cm -1 . For calcium nitrate the splitting is over 125 cm* 1 , and chemical 
evidence 116 * 201 suggests that nitrate is in the co-ordination sphere, as the species in 
solution is probably not hydrated. Nickelous nitrate also takes water into the 
tributyl phosphate , 1161 but in this instance the peak splitting is near maximal. The 
nickel co-ordination number may more certainly be six than it is in the case of 

11,1 M. Anbar, I. Dostrovsky, D. Samuel and A. D. Yoffe, J. Chem. Soc. 3603 (1954). 

11,1 T. F. Young, L. F. Maranville and H. M. Smith, The Structure of Electrolytic Solutions 
(Edited by W. J. Hamer), p. 35. J. Wiley, New York (1959). 

<2#1 T. V. Healy and P. E. Brown, AERE Report C/R 1970 (1956). 
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magnesium, but chemical evidence for a difference in nitrate coordination between 
them is lacking. They could therefore both be instances of co-ordinated nitrate. 
One may therefore tentatively say that splittings between 65 cm - 1 (lithium nitrate) 
and 125 enr 1 (calcium nitrate) cannot yet be certainly assigned, but that below this 



Fio. 1.—Transmission curves of LiNOi and Ca(N 0 3 >2 solutions in tributyl phosphate, to 
illustrate small splittings of the band of the nitrate group. 

region they almost certainly represent electrostatic or second-sphere effects, and that 
above this value we are undoubtedly dealing with the effects of co-ordinate bonding. 

Mathieu and Lounsbury, (21) from Raman spectral studies on nitrates, have 
laid stress on the apparent splitting of the 720 cm -1 ( 114 ) vibration. They beheve 
that their analysis of splitting dependence on solution concentration gives evidence 
for transition to a single second form of nitrate. If one simply takes this “second 
form” to represent co-ordinated nitrate, as distinguished from ionic nitrate, the 
dilemma presented by the splitting of the 03 band is not resolved. In their results 
the splitting can be seen when the u 3 band shows no splitting, or only a minimal 
splitting, and no simple correlation is evident. The appearance of a second com¬ 
ponent in the vicinity of the 1050 errr 1 vi vibration, observed in the Raman work, 
also fails to be diagnostic, as it is seen m the infra-red absorption with uranyl nitrate 
and with thorium nitrate (hexone and dibutyl carbitol), but not with ferric nitrate or 
cupric nitrate. In the Raman studies, the second component is quite prominent with 
copper nitrate. From the infra-red spectra, all four nitrates would be judged rather 
similar. 

un J. P. Mathieu and M. Lounsbury, Dis. Faraday Soc. 9, 196 (1950), 
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•3H 2 0(«> Infra-red 836 1378 kt 1587 

(2< > A. Selvhra and E. Bauer, C.R. Acad. Sci., Paris, 195, 416 (1932). 

<2S) B. M. Gatehouse. These On Air for University (1957). 

,26> O. Theimer, Monatsh. 81, 301 (1950). 
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Some thought-provoking relations are to be seen if one compiles the available 
literature on inorganic nitrate vibration spectra, without limitation with respect to 
physical state, or to whether the spectrum has been obtained by Raman or by infra¬ 
red techniques (Table 2). 

The only instances in which an unsplit v 3 line is seen are the sodium and potassium 
nitrates, and the infra-red spectra of salts taken on rocksalt plates, for which there is 
a strong suspicion (see above) that one is seeing the spectrum of sodium nitrate. 
In fact, for most such systems, Raman spectra, generally taken in silica, show the 
split v 3 band and fail to show the single band around 1370 cm' 1 often found in the 
infra-red measurements. One may conclude that aside from perhaps sodium and 
potassium nitrates, the environment of the nitrate ion m crystals is sufficiently 
asymmetric to split the v 3 vibration. The sodium and potassium nitrate crystals are 
known to be cubic,<27> but unfortunately the structures of most other nitrates are 
not known. 



cm"' 

Flo. 2.—Transmission curves of Th(N 03 )< and UO^NOjh in methyl isobutyl ketone, to 
illustrate the large splittings of the band of the nitrate group. (Ketone spectra given to 
avoid the interference of the P =0 vibrations in the 1200 cm' 1 region in the tributyl phosphate 

solutions.) 

For hydrated, crystalline lithium nitrate, the splitting and the peak wavelengths 
are much the same as for TBP solution. For magnesium nitrate, the splitting in the 
TBP solution is perhaps 10 cm -1 greater than that in the saturated aqueous solution, 
which in turn is slightly greater than that of the two hydrated solids, which are about 
equal. For saturated aqueous strontium nitrate the splitting is about 70 cm -1 , and 
for the solid phases itis about the same. With aluminum nitrate in saturated aqueous 

R. W. O. Wyckoff, Phys, Rev. 16,149 (1920); D. A. Edwards, 2. Krist. 90 ,154 (1931). 
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solution the splitting is slightly larger, 95 cnr 1 , and (though the two sets of Raman 
data are sot completely concordant) this is considerably reduced in the hydrated 
solid. The saturated aqueous calcium nitrate and the solid phases show a definite 
reduction from the TBP solution, down to less than 95 cm -1 . These relations are 
consistent with the limits suggested before—a dissymmetry splitting of 70 era -1 or 
less for ions related only by electrostatic forces, and an uncertain region of 70-100 cm' 1 . 
The calcium nitrate in TBP is thus clearly in the co-ordinate-bonding region, as 
demanded by the experimental data. The situation in the aqueous solution, with 
splitting above 90 cm -1 , and for aluminum nitrate solution, splitting 95 cm -1 , is 
undefined, though the difference between the latter solution and the crystalline solid 
is suggestive. 

Further examples of this region in Table 2 are barium nitrate (splitting 70 cm -1 ) 
and silver nitrate (slightly over 100 cm- 1 ). There is an expectation in the latter that 
as with the silver halides there may be some component of co-ordination in the crystal 
structure, so that the splitting may actually reflect this. Mercuric nitrate monohydrate, 
however, which might perhaps also be assumed to have some co-ordinate properties, 
has a splitting about that of magnesium nitrate. The hexahydrated zinc nitrate and 
the tetrahydrated cadmium nitrate show very low splittings, even less than that of 
lithium nitrate. These might represent, by our criteria, ionic nitrate in nearly 
symmetrical crystal lattice positions. 

With these exceptions, however, the largest number of entries in Table 2 show 
characteristically much higher splittings of o 3 , in solid states and in concentrated 
aqueous solutions, as well as in TBP solution. Strikingly, in most instances the 
maximum splittings in the solid state are not significantly different from those for 
the TBP solution Metals represented are transition elements with incomplete 
(/-shells, rare earths, and members of the last row of the periodic table. 

Anydrous cupric nitrate is known to be blue and volatile, (28> and presumably 
nitrate groups are multiply co-ordinated to the copper. In the solid state the spectrum 
is not significantly different from that of the solution of cupric nitrate in TBP, which 
in turn has a d 3 splitting not significantly greater than for the hydrated solids, or the 
concentrated aqueous solution. Recent structural studies show the nitrates in 
crystalline anhydrous Cu(N0 3 ) 2 to be largely ionic, and only fractionally covalently 
held. < 2! » 

The rare-earths are poor complex-formers among cations, and the nitrate ion 
is considered to be a poor complexing group in general. Yet in the solid state there 
is indication that hydrated cerous nitrate shows splittings approaching that of the 
solution of cerous nitrate in tnbutyl phosphate, and not much short of the splittings 
shown by the known complexes such as green chromic nitrate, or the solid hexa- 
mtratocerate salt. In fact, the u 3 splittings for these known complexes cannot be 
differentiated from the solution or the solid phase splittings of salts for which one is 
reasonably certain that the solid phase does not in fact contain such defined complex 
groupings, and for which the solid shows every normal indication of behaving as 
a traditional ionic lattice material. Further, the solutions, which we know contain 
single molecules with anions co-ordinated to cation, show almost identical splitting 
spectra. 

(as) C. C. Addison and B. J. Hathaway, Proc. Chem. Soc 19 (1959). 

(2 *> S. C. W ALLMARK, Proc. Chem. Soc. 311 (1959). 
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That some sort of interaction may exist between anion and cation in crystals, 
without involving direct consideration of bonding between them, is indicated by the 
mefnlnawt of K gandfie ld theory, which has been applied widely to the description of 
compounds of cations with nonbonding i-electrons. Thus, the easily distinguishable 
appearance of the fully hydrated perchlorate, nitrate and chloride of Co(II) could 
probably be ascribed to crystal field symmetry effects, without considering detailed 
differences in orbital interaction of the ions. On the other hand, even in a matrix 
such as MgO, a detailed analysis* 30 * of the paramagnetic resonance and optical 
absorption spectra of Ni(II) shows that some of the d-electrons must spend almost 
one-fourth their time on the surrounding oxygen atoms, rather than entirely on the 
Ni, a symptom of bonding. Ligand-field theory in general gracefully avoids this 
complication by allowing it to be absorbed into parameters which are adjusted for 
fit to data. However, it has not to our knowledge been pointed out previously that 
inter-ionic interactions in normal crystals are sufficient to affect the vibrational 
spectrum of complex groups such as the nitrate ion not only to an extent greater than 
might be expected for purely electrostatic interaction, but to an extent almost identical 
with that for the co-ordinately bound group in free solution. In the case of 
C 0 Cl 2 - 6 H 2 0 , it has been shown* 31 ' that the structural unit is not the CO(H 2 0)6 2+ Cl 2 
which would be anticipated, but {C0Cl2(H 2 0)4)-2H 2 0. Detailed structures on 
nitrates might show correlations with the degree of cation influence on spectrum. 

SUMMARY 

It has been shown that when a wide variety of nitrate salts are dissolved in 
solvents such as tnbutyl phosphate, the nitrate ions are largely held co-ordinately 
by the cation, and the infra-red vibration spectrum of the nitrate shows characteristic 
changes. A survey of the literature on both infra-red and Raman spectra of nitrates 
shows that even in the crystalline state many nitrates show alterations of the vibra¬ 
tional spectrum hardly distinguishable from those shown by the TBP solutions. 
Implications for the ion interactions both in solution and in the crystalline state 
are discussed. 

*30) W. Low, Ann. N.T. Acad. Sci. 72, 69 (1958). 

<3i) E. V. Strooanov, 1.1. Kozhina and S. N. Andreev, Vestmk Leningrad Univ. 13, No. 10, 

Ser. Fiz. i Khirt., No. 2, 109-16; Chem. Abstr. 52, 17880 f (1958). 
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PREPARATION AND PROPERTIES OF THE SINGLE 
CRYSTALLINE AB^TYPE SELENIDES AND TELLURIDES 
OF NIOBIUM, TANTALUM, MOLYBDENUM AND 

TUNGSTEN* 

L. H. Brdcner 

Pigments Department, E. I. du Pont de Nemours & Co., Inc., Wilmington, Delaware 

C Received 1 August 1961; in revised form 25 September 1961) 

Abstract—The AB 2 -type selenides and tellurides of niobium, tantalum, molybdenum and 
tungsten have been prepared in single crystalline form by means of transport reactions. 
Lattice parameters were determined on the basis of single crystal patterns and are given 
for the eight compounds. Pertinent thermoelectric parameters, such as electrical resistivity, 
See beck coefficient and thermal conductivity were measured on compacted polyctystalline 
aggregates and are given together with the calculated “Figure of Merit". 

The recent resurgence of interest in the phenomenon of thermoelectricity has initiated 
a rather detailed study of practically all metal tellurides and selenides from lithium to 
uranium. It appeared that the group Va and Via compounds, particularly those 
of niobium, tantalum, molybdenum and tungsten, had been somewhat neglected 
during these investigations. The reason for this may be the fact that the selenides 
and tellurides of these metals thermally dissociate rather than melt and therefore 
pose a problem with regard to the preparation of single crystalline material. It is 
probably for this same reason that the structural parameters of only four of the eight 
compounds have been reported in the literature. Only the X-ray work on WTe 2 
was based on a single crystal, which was found by Knop and Haraldsen (1) in an 
otherwise polycrystalline reaction product. Crystallographic parameters have also 
been reported for WSe 2 by Glemser et al .< 2 >: for TaTe 2 by Ukrajnskii et al < 3 >: and 
for MoTe 2 by Puotinen and Newnham< 1 2 3 4) . MoSe 2 has been described by 
Wendehorst< 5) , TaSe 2 by Ariya< 6) and an undefined niobium selenide was men¬ 
tioned by Bolton (7 >. Electrical properties have only been investigated for the Ta/Te 
system by Ukrainskii et al. It was therefore our intention to attempt the prepara¬ 
tion of all eight compounds in single crystalline form and to determine their structural 
and electrical properties. 

* Parts of this Paper have been presented at the XVIIIth International Congress of 
Pure and Applied Chemistry at Montreal, Canada. 

(1) O. Knop and H. Haraldsen, Ccmad. J. Chem. 34, 1142-45 (1956). 

(2) O. Glemser, H. Sauer and P. KSnig, Z. Anorg. Chem. 257, 241-46 (1948). 

(3) Yu. M. Ukrainskii, L. M. Kovba, Yu. P. Simanon and A. V. Novoselova, Russian J. 
Inorg. Chem. 4, 1305-6 (1959). 

l4> D. Puotinen and R. E. Newnham, Acta Cryst. 14, 691-2 (1961). 

(5) E. Wendbhorst, Z. Anorg. Chem. 173, 268-72 (1928). 

(6) S. M. Ariya, A. I. Zaslavskh and 1.1. Matveeva, Zh. Obseh. Khim. 26, 2373 (1956). 
<7) W. von Bolton, Z. Elektrochem. 15, 145-49 (1907). 
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EXPERIMENTAL 

1. Preparation and analysis 

The standard experimental technique for the preparation of ail polycrystalline com¬ 
pounds was to seal the constituent elements, weighed to the nearest milligram, into a quartz 
ampoule, 15 mm diameter, 20 cm long, under a vacuum of ~l(h 3 mm Hg. The com¬ 
pounds were of the best commercially available purity, usually 99-9%+ and were not given 
any special purification treatment prior to the reaction. Charges of about 20 g were fired 
at 600-700°C for 10-15 hr, after which time usually a black-looking, free-flowing reaction 
product was obtained that could be remixed easily inside the quartz tube by shaking. A 
second firing at 1000-1200°C for another 10-15 hr assured completeness of the reaction and 
a homogeneous polycrystallme product of grey metallic lustre was obtained. 

For the preparation of single crystalline material a portion (about 5-10 g) of this primary 
reaction product was again charged into a quartz tube together with about 1-3 mg of iodine 
in the case of Nb, Ta and W, or bromine in the case of Mo. No transport of MoTe 2 was 
observed when iodine was used. Bromine, however, was successfully used for the transport 
of all compounds. The quartz tube was placed mto a double wound 1 in. diameter furnace. 
With one end at 900°C, the other at 700°C, transport proceeded from the hot to the cold end 
according to the probable reaction: 

NbTe 2 <*) + 5/212 (<) ^-- Nbl5( S )+2 Te (t ) 

This is in concordance with the experience of Schafer (8) , who transported CrTe via 

CrTe + I 2 ->CrI 2 +05 Te 2 over a temperature drop from 1025 to 850°C. The only 

metal which apparently did not form a volatile iodide, under the reaction conditions was 
molybdenum, and the transport with bromine probably took place via MoBr 3 or MoBr«. 

Quantities up to 10 g could be transported during some 10-15 hr. The brightly shining 
crystals with edges up to 5 mm usually had the shape of flat hexagonal plates. In the case 
of WTc 2 both needles and plates were observed. The compositional character of the 
transported crystals was established both by X-ray and chemical analysis Selenium can 
be determined by completely oxidizing the corresponding selenide and vaporizing selenium 
in form of Se0 2 at about 350-400°C. This effects a rather clean separation from the remain¬ 
ing metal oxides. Tellutium was determined by precipitation as such with SO 2 after the 
corresponding telluridc had been brought into solution with a mixture of HNO3/HCI and 
a few drops of HF. In most cases, however, only the metals were determined: niobium and 
tantalum with cupferron, molybdenum by precipitation with H 2 S and subsequent conversion 
into M 0 O 3 , and tungsten with cinchonine Within the analytical error, the metal content 
of all transported compounds agreed with theory and we shall therefore only give one typical 
result: Found. Ta, 53-31; Se, 47 02%. Calc, for TaSe 2 : Ta, 53-39; Se, 46-61 %. 

2. Crystallographic characterization 

X-ray powder diffraction patterns were taken with a Philips 114 6 mm diameter camera 
at 25°C. The samples were sealed m 0 2 mm diameter Lindemann glass capillaries and were 
exposed to the Ka radiation of copper (A= 1-5418 A) for between 5-8 hr. For the single 
crystal patterns, Weissenberg, Sauter-Schiebold and precession camera techniques were used. 
Densities were determined by vacuum distilling CC1< onto the sample contained in a 5 ml 
pycnometer. Table 1 summarizes some of the crystallographic data. The parameters given 
can be considered accurate to +0 005 A. 

The parameters for WTe 2 had been reported earlier in the literature by Knop and 
Haraldsen (1 >, those of WSe 2 by Glemser et al (2) , those of MoTe 2 by Puotinen and 
Newnham <4) and we are in good agreement with those data; TaTe 2 was reported by 
Ukrainskii <3) as orthorhombic pseudohexagonal with 

a 0 = 6 41s kX; = 10-9 0 kX; c„ = 6-68 kX. 

It is apparent that a„ x \ 3 and b 0 correspond to our a, and our c. is three times the value of 
c„ given in reference l3 K 

<•> H. Schafer and T. P. Dismukes, Chemlsche Transportreaktlonen, p. 66 (1961). Velog 
der Cheraie, Weinheim, Bergstrasse, West Germany. We thank Prof. Schafer for the 
opportunity of having read the manuscript in advance of publication. 
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Table 2.— Crystallographic 
AB (A=Nb, Ta; B=Se, 

parameters of 
Te) COMPOUNDS 

THE 

Compound 

a. (A) 

c. (A) 

Space group 

NbSc 

3 437 

13-030 


NbTe 

10904 

20-119 

Dlf-Rlm 

TaSe 

3-425 

12-746 

D%r p *il mmc 

TaTe 

10 904 

20102 



In the case of niobium and tantalum we also prepared the monochalcogenides and on 
the basis of powder patterns the parameters summarized in Table 2 were obtained. 

It appears that the parameters of these monochalcogenides are essentially identical 
with those of the corresponding diselenides and ditellurides, and we may deal with a case 
similar to the one Ehrlich 1 9 ' observed for the TiTe/TiTe 2 system, where he established 
a continuous transition from the nickel-arsenide structure of TiTe to the cadmium iodide 
structure of TiTe?. 

Contrary to the dichalcogemdes, which exhibited metallic lustre, these mono-compounds 
were usually black and in some cases even pyrophoric. We therefore did not investigate 
these compositions to the same extent as the di-compounds and even the presented para¬ 
meters should only be considered as preliminary results. 

3. Electrical properties and thermal conductivity 

Since our original objective was to evaluate the title compounds as possible thermo¬ 
electric materials, we determined the pertinent parameters, namely, electrical resistivity p 
(12 cm), Seebeck coefficient S (;iV/°C) and thermal conductivity k (W’O 1 cm' 1 ) in order 
to be able to compute a “Figure of Merit”, given by Z — S 2 p-'K~K The samples used for 
the electrical measurements were bars, i in. x i in. x2 in., which were cold pressed at 80,000- 
100,000 lb in _2 and subsequently sintered at 600-800°C for 10-15 hr The green densities 
of the as-pressed bars were usually 85-88 per cent of the theoretical value and increased only 
slightly upon sintering. In one case (NbTez) it was demonstrated that hot pressing at 
1000°C under inert conditions can produce specimens of greater than 98 per cent density. 
The samples for thermal conductivity were i in. diameter x 1 in. long cylinders, pressed and 
prepared in the same fashion as described for the bars. 

The d.c. resistivities were measured by the two-pomt method, using a standard 
0-0112 resistance, al)V battery as power source, and determining the potential drop with 
a Leeds and Northrop Type K2 Potentiometer. The surface of the bar was checked for 
homogeneity with a four-point probe, which indicated that there was a 5-10 per cent scatter. 
The resistivity measurements should therefore be considered reliable only within these 
limitations. Resistivities were determined at room temperature and at liquid nitrogen 
temperature. The data are summarized in Table 3. These data, as well as the thermal 
conductivity data are characteristic only of the direction in which they have been measured. 
This statement is necessary because later studies on solid solutions of these compounds 
indicated that even in the powder compacts a very pronounced anisotropy of properties, 
both electrical and thermal, does exist. 

The Seebeck coefficient was measured with a Type K2 Potentiometer m combination 
with a galvanometer. Thermal EMF was generated by butting the bars between two copper 
blocks, turned from the same piece of stock, one of which was heated by means of a heating 
tape, the other, water-cooled by a coil soldered onto the block. The temperature gradient 
was measured by means of two thermocouples located in holes drilled to the centre of the bar 
immediately behind the contact faces. The data which were obtained in reference to copper 
and were corrected to absolute values are given together with the resistivity values in Table 3. 
The numbers can be considered accurate to ±10 per cent, which was the maximum scatter 
experienced in running S as a function of temperature. 

<»> P. Ehruch, Z. Anorg. Chem. 260, 1-18 (1949). 
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Thermal conductivity was measured at elevated temperatures by the technique described 
by KtNOERV 1 10) . The test cylinder was sandwiched between two standard alumina rods of the 
same dimensions, which were obtained from the Norton Company and had a reported thermal 
conductivity over the investigated temperature range of 0-02 W°C' 1 cm* 1 . As soon as the 
thermal current was established as equal through both standards, the thermal current through 
the sandwiched unknown, together with the temperature difference, gave the thermal con* 
ductivity. The room temperature values were obtained by extrapolation from the lowest 
point of the measurement, which usually was obtained at 50-80°C. Accuracy cannot be 
claimed better than ±20 per cent. 

The AT across the sample was kept between 10-20°C. The data are summarized 
together with the electrical parameters in Table 3. 

For NbSe 2 the Seebeck coefficient stayed constant over the measured temperature 
range (25-130°C for NbTe 2 changed type from p to n at an average temperature 

of about 80°C and the Seebeck coefficient increased from this temperature on. We therefore 
measured all three properties (5, p, k) for NbTe 2 as a funcuon of temperature and the results 
are represented by Fig. 1. 



Fig. 1.—Thermoelectric properties of NbTe 2 
as a function of temperature 


The Seebeck coefficient for MoTe 2 and WSe 2 increased with rising temperature, whereas 
the Seebeck coefficient for MoSe 2 decreased over the same measured temperature range. 
WTc 2 repeatedly exhibited the behaviour represented by Fig. 2. A change of type from 
n to p occurred usually at a mean temperature of about 100°C. 


(10) J. Francl and W. D. Kingery, /. Amer. Ceram. Soc. 37, No. 2, 80-84 (1954). 
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Fro. 2 —Seebeck coefficient, as a function of 
temperature for WTe 2 


DISCUSSION 

It is apparent from the data presented in Table 3 that electronically we are dealing 
with two classes of materials the semiconductors MoSe 2 , MoTe 2 and WSe 2 and the 
metal-like conductors NbSe 2 , TaSe 2 NbTe 2 and TaTe 2 , with WTe^taking a somewhat 
intermediate position. If one assumes all metals to be in the quadrivalent state, 
this can be explained on the grounds that the Va group elements would have a free 
electron contributing to the metal-like conductivity, whereas the paired electrons of 
the Via Group elements are more difficult to promote into the conduction band. 
It is interesting to note the large difference in the properties of MoTe 2 and WTe 2 
(see Table 3). In view of the fact that we are dealing with different structures, this 
is of course not necessarily surprising, even if the chemical formulas appear to be 
similar: cf. the pair grey tin-metallic tin which demonstrates the effect of structural 
differences on solid state properties in its most extreme form. 

Since the discussed compounds are either isomorphic or very closely related 
structurally, it should be of particular interest to prepare solid solutions between the 
electronically different materials and thus possibly find compositions of improved 
electrical characteristics, particularly with respect to the Figure of Merit. This 
concept is presently being pursued, and the results on systems such as Mo„Nb]- x Te 2 
or„W x Ta|_,Se 2 will be the subject of a future publication. 

Acknowledgement —The author gratefully acknowledges the cooperation of Dr. G. Teuper 
of the Engineering Research Laboratory, who determined all X-ray parameters. 
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REACTIONS OF CO-ORDINATED LIGANDS—IV 

SYNTHESIS OF IRON ISONTRILE COMPLEXES BY THE 
TRANSALKYLATION REACTION 

W. Z. Heldt 

E. I. du Pont de Nemours & Company, Inc. 

Explosives Department, Experimental Station Laboratory 
( Received 11 September 1961) 

Abstract—When tetrabenzylisocyano iron (II) cyanide or cyanopentabenzylisocyano iron 
(II) bromide is heated with an alkyl halide (R'X) and if the benzylhalide formed is continu¬ 
ously removed during the reaction, products of the general formulae (R’NQ^CsHjCHjNC), 
FeCNX (x+y*=5) (X ^halogen); (R’NC)jFeBr 2 and (R’NC)4Fe(CN)2 are formed. 

Iron isonitnie complexes are prepared by: 

(1) addition of isontriles to iron II salts such as Fe (CIO,^ (1) 

(2) addition of isonitriles to iron carbonyls, < 2 > and 

(3) alkylation of ferro-cyanides with alkylhalides* 3 *, or alkyl sulphates* 1 ** 
Few alkyl isonitriles were prepared having substituent groups in the alkyl chain 

probably because of the poor synthetic methods available for their preparation. < 4) 
No iron (II) complexes of substituted alkyl isomtriles appear to have been prepared 
thus far.* 1 ** This paper reports a new, relatively simple method for the preparation 
of a wide variety of alkyl isonitrile complexes. 

EXPERIMENTAL 

Reaction of (CsHsCFLNQsFeCNBr (I) with p-carbomethoxybenzyl bromide 

To 15-4 g (0 02 mole) of (QHsCHjNQsFeCNBr (I) was added 23 0 g (0-1 mole) of 
p-carbomethoxybenzyl bromide The reaction mixture was well mixed and was then dry 
distilled at 4 mm, the pot-temperature of the reaction vessel being held at 95-120°C. During 
a penod of 70 min, 8 5 g (0 05 mole) of benzyl bromide distilled over, identified by its b.p. 
and infra-red spectrum. The residue from the distillation, a brown oil, 28 -6 g, was dissolved 
in chloroform and was then chromatographed on 500 g of alumina suspended in chloroform. 
The column was washed with 7 x 50 ml of chloroform, 5 x 50 ml of 50 per cent chloroform 
acetone, 3 x 50 ml acetone, 3 x 50 ml 50 per cent acetone-methanol and finally with 6 X 50 ml 
of methanol. Three distinct compounds were eluted; Fraction I, 10-5 g with chloroform; 
Fraction II, 9-5 g, with acetone and acetone-methanol; and Fraction III, 3-7 g, with 
methanol. 

Fractions II and III were combined and were fractionally crystallized from methyl 
ethyl ketone (250 ml). The less soluble fractions (A) 2-5 g, were recrystallized once more 
from chloroform-carbon tetrachloride and were dried at 100°C/10 mm, melting at 
234-237-5°C. Found: C, 58 86; H, 4-68; N, 8-11; Fe, 5-74; Br, 8-01. Calc, for 
(p-CHjOCOCsH^HzNQjFeCNBr: C, 59 03; H, 4-37; N, 810; Fe, 5 38; Br, 7-70%. 

(u (a) L. Malatesta, Isocyanide Complexes of Metals, Progress in Inorganic Chemistry. 
(Edited by F. A. Cotton) p. 283. Interscience, New York (1959). 

(b) L. Malatesta and A. Sacco, Ann. Chim. 43, 622 (1953). 

(2) W. Hieber and D. von Pigenot, Ber. Dtsch. Chem. Ges. 89, 193, 610, 616 (1956). 

131 (a) E. G. J. Hartley and H. M. Powell, J. Chem. Soc. 101 (1933). 
u > (a) I. Ugi and R. Meyr, Angew. Chem. 70, 702 (1958); 

(b) H. R. Hertler and E. J. Corey, J. Org. Chem. 23,1221 (1958). 
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The infra-red spectrum of this material was nearly identical with that of 
/KCH 3 OCOC 6 H*CH 2 NC) 5 FeCNBr H 2 0,(« m.p. 185-186-2°C, although the large dis¬ 
crepancies of the melting points of the monohydrate with the nonhydrated form are of 
interest. When samples of both compounds were mixed and dried at 100°C/1 0 mm for a 
prolonged time, the mixed melting point was 232-236°C, i.e., there was no melting point 
depression. 

From the mother liquors of Fraction A there crystallized upon reduction of the volume 
of solvent a material, Fraction B, 1 -5 g. After one recrystallization from methyl ethyl 
ketone this material melted at 141-142-5°C. Found: C, 61 09; 61 29; H, 4-61, 4-44; 
N, 8-93, 9 01; Fe, 6 00, 5 91; Br.9-81. 


Calc, for 


"(p-CH 3 QCOC«H 4 CH 2 NC)i 
(C6H 5 CH 2 NC)2 


FeCNBr: 


C, 61-25; H, 4-48; N, 9-12; Fe, 6 06; Br, 8-67%. 

Infra-red (KBr): 3-40 (r), 4 45 (vs), 4-72 (vr), 5-78 (vs), 618 (s), 6-32 (w), 6-68 (*v), 
6-88 (s), 6-98 (vs), 7 08 (s), 7 42 (a), 7-62 (s), 7-82 (vj), 8-46 (s), 9 03 (vs), 9-82 (s), 10 38 (s), 
12-00 (tv), 12-55 (tv), 13 35 (w), 14 35 (s), p. 

Further reduction of the mother liquors of Fraction B yielded C, 2 0 g. After one 
recrystalhzation from methyl ethyl ketone this material melted at 123-126°C. Found: C,58-79 ; 
H, 4-80; N, 89 5; Fe. 5-89; Br, 9-01. 


Calc for 


r 


(C 6 HjCH 2 NC) 


1 


L(p-CH 3 OCOC 6 H4CH 2 NC)4j 


FeCNBr H 2 0: 


C, 58-99; H, 4 55, N, 8 42; Fe, 5 60, Br, 8 01 %. 

Except for a strong OH band at 2 92/i, the mfra-red spectrum of the latter materials 
was practically identical with Fraction I of the following experiment. 


Reaction of tetrabenzyhsocyano iron (II) cyanide (II) with p-carbomethoxybenzyl bromide 

To 11-5 g (0 05 mole) of p-carbomethoxybenzyl bromide were added 5 6 g (0 01 mole) 
of II, m.p. 229-230°C. The reaction mixture was well mixed and was dry-distilled under a 
vacuum of 5 -0 mm and an oil-bath temperature of 135-162°C. After 2 0 ml of benzyl bro¬ 
mide (b.p. 78-80°C/5 0 mm) had distilled over, the dry-distillation was discontinued. The 
distillation residue was dissolved tn chloroform and was chromatographed on 450 g of 
alumina suspended in chloroform The column was washed with 700 ml of 50 per 
cent acetone-chloroform, 150 ml of acetone and finally with 350 ml of 50 per cent 
acetone-methanol Two fractions were eluted: Fraction I with acetone-chloroform, 
2 14 g; and Fraction II with acetone-methanol, 4 9 g. Fraction I was recrystallized from 
methanol and methyl ethyl ketone. After several recrystalhzations from these solvents 
the compound melted at 226-230°C (dried at 100°C/1-0 mm). Found: C,~60 85; 
H, 5-42; N, 8-59; Fe, 5 21; Br, 8-54. 

fp-CH 3 OCOC 6 H 4 CH 2 NC)4l c 

Calc - for [ qh 3 ch 2 nc J FeCNBr: 

C, 60-07; H, 4-43; N, 8 58; Fe, 5-70; Br, 8-16%. 

Infra-red (KBr): 2 92 (w), 3 40 (m), 4 56 (vs), 4 70 (s), 5-79 (vs), 6-18 (s), 6-32 (w), 
6-68 (w), 6-96 (r), 7-05 (s), 7-45 (m), 7-61 (m), 7 80 (w), 8 07 (m), 8-46 (m), 9 00 (s), 9-82 (m). 
10-35 (m), 11-98 (h>), 14 40 (m) p 

Reaction of II with a-bromo-p-xylene 

To 11 -5 g (0-02 mole) of II, m p. 229-230°C were added 20-5 g (0 11 mole) of a-bromo- 
P-xylene. The reactants were well mixed and were dry-distilled at 8 mm, maintaining the 
oil-bath temperature at 125°C. After 20 min, 8 ml of a material distilled over b.p. 85-8778 
mm. The mfra-red spectrum of the distillate indicated a mixture of benzyl bromide and 
a-bromo-p-xylene, the latter being by far the major constituent in the reaction mixture. 
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The residue was taken up in chloroform and was crystallized from chloroform-carbon 
tetrachloride. A white material crystallized out, m.p. 130-I34°C. After several more 
recrystafiizadons from methyl ethyl ketone it had a m.p. 135-136-5*0 Pound: C, 66-55; 
H, 5-80; N, 11-07; Fe, 6 - 68 ; Br, 9*94. 

rOv-CHjOtUCHiNC)/] 

CaIc - for L c 6 h 5 ch 2 nc J FeCNBr: 

C, 67-25; H, 5-39; N, 10-47; Fe, 6 96; Br, 9-95%. 

Infra-red (KBr): 2-90 (w), 3-30 (r), 3-42 (s), 3-50 (r), 4-56 (rr), 4-71 («), 6-10 (r). 6-25 (w), 
6-45 ( 5 ), 7-08 (s), 7-25 (w), 7-42 (s), 7-60 (w), 8-05 (w), 8-35 (w), 8-45 (w), 8-95 (w), 9-62 (w), 
9-81 (h-), 10-40 (h-), 11-93 (m»X 12-45 (s), 12-62 (j), 13 33 (s) 13 79 (m), 14-40 (m)p. 

This material depressed the melting point of (/MZHsCtFUCHiNQjFeCNBr-HjO*** 
upon admixture. 

Partial transalkylation of I with ct-bromo-p-xylene 

To 22-8 g (0-03 mole) of I were added 22-5 g (012 moie) of a-bromo-p-xylene. The 
reactants were heated and stirred overnight on a steambath m a vessel closed by a calcium 
chloride tube and were dry-distilled at 6-9 mm pressure and an oil-bath temperature of 
115-117°C. After 11 min, 3 5 ml of distillate, b.p. 82-84°C were collected. Infra-red 
spectrum of the distillate indicated a mixture of a-bromo-p-xylene and benzyl bromide. 
The residue was then crystallized from chloroform-carbon tetrachloride, yielding ca. 5 g 
of (p-CH 3 C«H 4 CH 2 NC)jFeCNBr-H 2 0 , identified by mixed melting point with a reference 
sample and by its infra-red spectrum.* 5 * 

Reaction of I with ct-bromo-o-xylene 

To 15-2 g (0-02 mole) of I were added 22 0 g (0-12 mole) of a-bromo-o-xylene and the 
reaction mixture was dry distilled under 9 mm and an oil bath temperature of 120°C. After 
43 mm there distilled 13 ml of a material, b.p. 84-86°C. The distillate was identified by 
infra-red as a mixture of a-bromo-o-xylene, benzyl bromide (about 20-35 per cent) and a 
nonidentified isonitrile (about 5 per cent). The residue from the distillation was then 
crystallized from methyl ethyl ketone. After several crystallizations a material was obtained 
with a melting point of 235-237°C. This material did not depress, upon admixture, the 
melting point of the previously prepared (o-CH 3 C 6 H 4 CH 2 NC).iFe(CN )2 and the infra-red 
spectra of these two materials were supenmposable. 

Reaction of p-mtrobenzyl bromide with I 

To 22 8 g (0 03 mole) of I were added 25 g (0-12 mole) of p-mtrobenzyl bromide. The 
reactants were well mixed and were distilled under 6 mm Hg and an oil bath temperature of 
115-141°C. A total of 3 5 ml of distillate was collected. The distillate consisted solely of benzyl 
bromide, i.e. thereaction proceeded to about 20 per cent completion. The brownresiduein the 
distillation flask was then chromatographed in the usual fashion on alumina suspended in 
chloroform. The column was washed with 850 ml of chloroform, 5x250 ml 50 per cent 
acetone-chloroform, 4 X 250 ml of acetone, 7 x 250 ml of acetone-methanol and finally with 
2x250 ml of methanol. Fraction I, 12 3 g was eluted with chloroform, and was identified 
as starting material (i.e., 50 per cent recovery), Fraction II, 13 -7 g was eluted with 50 per cent 
chloroform-acetone and acetone; and Fraction III, 18 -7 g, with 50 per cent acetone-methanol. 

Infra-red spectrum of Fraction II (CHCI 3 ): 3-00 (r), 3 -45 (s), 4 -58 (vr),4 72 (w), 6 25 (tv), 
6-58 (j), 6-72 (m), 6-92 (m), 6 98 (m), 7-45 (s), 8-10-8-35 (m), 14-45 (s) p. The infra-red 
spectrum of this material indicates definitely an isonitnle complex. All attempts to crys¬ 
tallize this fraction remained unsuccessful. 

Fraction IIT was crystallized from acetone yielding 8-7 g of a solid (Fraction A). After 
several recrystallizations from methanol-methyl ethyl ketone, the melting point of this solid 
was 139-143°C. Found: C, 57 87, 57 83; H, 4 48, 4-49; N, 13-44, 13-41; Fe, 6-60; Br, 9-44. 

„ , , T(p-no 2 c 6 h«ch 2 nc ) 2 1 _ 7 „ „ 

Calc, for . ; T _ T _ FeCNBrH 2 0: 

L (C 6 HjCH 2 NC)3 J 

C, 57-55; H, 4-12; N, 13-10; Fe, 6-53; Br, 9-35%. 
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Infra-red (KBr): 3 00 (w), 3-40 (r), 4-58 (vs), 4-72 (w), 6-25 (m ), 6-58 (s), 7-00 (m), 7-10 
(m), 7-45 (j), 8-20-8 30 broad (r), 14-45 (s)p. 

From the mother liquors of Fraction A there crystallized 5-0 g of a yellow material 
which was very soluble in methyl ethyl ketone. After several recrystallizations and drying, 
this material melted at 85-88°C. Found: C, 46-88, 46-92; H, 3-93, 3-69; N, 12-59, 12-32; 
Fe, 514; Br. 13-50. 

fCp-N0 2 C 6 H 4 CH 2 NC)4l 
f ” L CrfbCH.NC J 
C, 47-18; H, 3-46; N, 12-38; Fe, 5-48; Br, 15-70%. 

Infra red (KBr): 2-90 (s\ 4-54 (vs), 4-72 (w), 6-22 (s), 6-58 (vs), 6 69 (h*), 6-88 (w), 7-44 
(vs), 9-02 (w), 9-85 (»v), 11-65 (w), 12 55 (w), 13-65 (s), 14-40(s)/t. 

The appearance of a cyanide band at 4 72/i, wluch is found to be typical of a cyanide 
group, makes a structural assignment of this compound uncertain. 


Reaction of / with fi-naphthyl bromomethane 

To 15 -5 g (0 -02 mole) of I were added 18 00 g (0 -08 mole) of ^-naphthyl bromomethane, 
m.p. 44-45°, which was prepared according to the procedure of Schulze* 6 *. The well- 
mixed reaction mixture was then dry-distilled at 115-130°C and 2-0 mm vacuum. A total 
of 9-9 ml, 13 1 g (0-076 mole) of benzyl bromide was collected, identified by its infra-red 
spectrum and boiling point. The distillation residue was dissolved in chloroform and was 
chromatographed as usual on 450 g of alumina. Two distinct compounds were eluted: 
Fraction I, 7 45 g with acetone; and Fraction II, 6-4 g, with 50 per cent acetone-methanol. 
Fraction I was recrystallized several times from methyl ethyl ketone, and melted after drying 
at 165-167°C. Found: C, 71-31; H, 4 85; N, 8-79; Fe, 5 92; Br, 7 98. Calc, for (jS-Cio 
H 7 CH 2 NQ 5 FeCNBr H 2 0: C, 72-12; H, 4-66; N, 8 26, Fe, 5 49; Br, 7 87. 

„ . . r^-CioHTCHsNC^V _ 

Ca,c - fOT [ C 6 H 5 CH 2 NC J FeCNBrH ^° : 

C, 70-96; H. 4-60; N, 8-71; Fe, 5-79; Br, 8 28%. 

Infra-red (KBr): 2-90 (w), 3-35 (m), 3 40 (m), 4 55 («), 4 72 (j), 6-20 (w), 6 30 (m), 
6-62 (s), 6 60 (s), 6-89 (s), 6-99 (s), 7 28 (s), 7 50 (s), 7 85 (j), 8-95 (w), 9 85 (w), 10 42 (w), 
10 55 (w), 11-25 (w), 11-70 (s), 12-25 (vs), 13 00 (w-), 13 20 (s), 13-40 (vs), 14-45 (s) p. 

Fraction II was crystallized several times from methyl ethyl ketone and melted at 
216-218°C after drying at 100°C/1-0 mm. Found: C, 69 58, H, 4-39; N, 9-76; Fe. 6 94 


Calc, for 


'0-Ci«H 7 CH 2 NC) 2 '] 
(CsH 5 CH 2 NC) 3 J 


FeCNBr. 


C, 69-43; H, 4-64; N, 9 91; Fe, 65-9%. 

The infra-red spectrum (KBr) of Fraction II was almost identical with that of Fraction I; 
here the 2-90/t band is very weak; the isomtnle band is split slightly into two bands: 4-52/1 
and 4 -57/1. 


Reaction of I with a-bromoacetophenone 

To 15-5 g (0-02 mole) of I were added 16-4 g (0-082 mole) of a-bromoacetophenone, 
the reaction mixture was well mixed, fused and dry-distilled at 2 8 mm and an oil-bath 
temperature of 135-140°C. After heating for 90 min at this temperature, 2-5 ml of dis¬ 
tillate (b.p. 42-6Q°C) were collected and the reaction was discontinued. The infra-red 
spectrum of the distillate indicated benzyl bromide as the major constituent and 
acetophenone, probably an impurity in the commercial a-bromoacetophenone. The 
residue of the distillation was dissolved in chloroform and was chromatographed on neutral 
alumina suspended in chloroform. The column was then washed with 6 x 50 ml of chloro¬ 
form, 13x50*1111 of 50 per cent chloroform-acetone, 3 x50 ml of acetone, 12x50 ml of 
50 per cent acetone-methanol and finally with 7 x 50 ml of methanol. Two fractions were 
eluted: with chloroform^ Fraction I, 25-3 g and with 50 per cent chloroform-acetone, 
Fraction II, 7-6 g. Fraction I was crystallized from methyl ethyl ketone, m.p 105-120°C. 
After several recrystallizations from methyl ethyl ketone and drying at 25°C/1 mm, the 
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material melted at 219-220°C. Found: C, 5705; 57-35, H, 3-96, 406; N. 7-72, 7-70; 
Fe, 508; halogen, 17-56. Calc, for (CsHsCOOfcNOjFWBn; C, 57-41; H, 3-75; N, 7-44; 
Fe, 5-93; Br, 16-98%. 

In&a-ied (KBr): 2-95 (w). 3-40 (s), 3-50 (s), 3-75 (w), 4-52 (s), 4-60 (vj), 5-99 (*X 6*15 (*>X 
6-25 (iX 6-68 (vs), 6-80 (vs), 6-89 («), 745 (s), 7-80 (s), 8-35 (m), 8-85 (s), 8-92 (wX 905 (s), 
915 (sX 9-60 (s), 9-85 (s), 10-60 (vs), 10-80 (s), 13-20 (vs), 13 40 (s), 13-60 (s), 13-90 (*X 
1405 (vs), 14-35 (vs), 14-60 (vs) /i. 

,t 

Reaction of I with hexadecyl iodide 

To 11 -5 g (0-015 mole) of 1 were added 42 g (0-12 mole) of hexadecyl iodide (Eastman 
Chem. Co.) and the reaction mixture was distilled at an oil-bath temperature of 120-1 56°C 
under 0-5 mm vacuum. After 98 min there distilled at 44-46°C, 3 ml of a yellowish liquid. 
The infra-red spectrum of the distillate indicated the presence of benzyl bromide and 
hexadecyl iodide. 

Analysis of distillate: Br, 6-93; I, 4718%. 

The reaction residue was then boiled with chloroform, the solution was filtered hot, 
whereby a chloroform insoluble material, Fraction I, 0-69 g, m.p. 145-210°C was isolated. 
This material was recrystallized from methanol-chloroform; after drying at 25°C/1 -0 mm 
it melted at 230-231 -5°C. Upon admixture of this material with (C«H5CH 2 NC)4Fe(CN)i 
the melting point was not depressed and the two materials showed identical infra-red spectra. 

The chloroform soluble material was cooled to room temperature and was chromat¬ 
ographed on 750 g of neutral alumina suspended in chloroform. The column was washed 
with 7x50 ml of chloroform, 6x50 ml 50 per cent chloroform-acetone, 10x50 ml of 
acetone, 13x50 ml 50 per cent acetone-methanol and 3x50 ml of methanol. Three 
fractions were eluted: Fraction I, 34 g a liquid, with chloroform and 50 per cent chloroform- 
acetone; Fraction II, 7-3 g a solid, m.p. 265-278, with acetone; and Fraction III, 6-6 g with 
50 per cent methanol-acetone and methanol. Fraction I seemed to consist mainly of 
hexadecyl iodide and hexadecyl or benzyl isonitrile as evidenced by a strong band at 4-58ju. 
Fraction II was not processed any further. 

Fraction III was dissolved in about 100 ml of hot methyl ethyl ketone and was filtered. 
The methyl ethyl ketone insoluble material. Fraction IIIA was a compound melting at 
229-231 -5°C, after drying in a vacuum oven. Found: C, 69-90, 69-77; H, 10-97, 10-93; 
N, 6-85, 6-65; Fe, 3 82; I, 8-34. Calc, for [CH 3 (CH 2 )j 4 CH 2 Nq 3 FeCNI: C, 70-46; H, 
11-36; N, 5-73; Fe, 3-81; I, 8-66%. 

Infra-red (CHC1,): 347 (vs), 3-51 (vs), 4-55 (vs), 4-72 (w), 6 31 (w), 746 (w), 8-12-8-30 
(w), 13-75 (m), 15-25 (w) p. 

From the filtrates of compound Fraction IIIA there crystallized a yellow material. 
Fraction UIB; after several recrystallizations from methyl ethyl ketone, the material melted 
after drying at 90 5-93-0°C. Found: C, 68-94, 68-97; H, 11-26, 11-07; N, 6-10, 6-14; 
Fe, 4-37; I, 8-34. 

—[ <CH S , ^r]— 

C, 69-44; H, 10-52; N, 6-31; Fe, 4-19; I, 9-53%. 

Infra-red (CHClj): 340 (vs), 4-57 (vs), 4-70 (s), 6-25 (tv), 6-70 (vs), 7-27 (s), 13-60 (s), 
14-40 (s) p. Fraction IIIB gave a melting point depression with Fraction IIIA upon 
admixture. 

Reaction of I with 3-phenoxy-l-bromopropane 

To 15-0 g (0-02 mole) of I were added 37-6 g (0-12 mole) of 3-phenoxy-l-bromoprqpane 
and the reaction mixture was heated on a steam bath overnight in a reaction vessel closed by a 
calcium chloride drying tube. Subsequently, the reaction mixture was dry-distilled at 
6-9 mm the oil-bath temperature being kept at 134-160°C. After 40 min, 8 ml of liquid, 
b.p. 78-103°C (main fraction 78-79°Q, distilled over. The infra-red spectrum of the distillate 
indicated a mixture of 3-phenoxy-l-bromopropane and benzyl bromide, the latter con¬ 
stituting about 90 per cent of the distillate. The pot-residue was dissolved in chloroform 
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and was chromatographed on a column prepared from about 450 g of neutral alumina 
in chloroform. The column was then washed with 4x50 ml of chloroform, 
7x 50 ml of 50 per cent chloroform-acetone, 4 X 50 ml of acetone, 8 x 50 ml of 50 per cent 
acetone-methanol and finally with 7 x 50 ml of methanol. Three different fractions were 
ehited: Fraction 1,11-8 g with chloroform; Fraction II, 8-5 g with 50 per cent chloroform- 
acetone; and Fraction III with 4-9 g with 50 per cent acetone-methanol. All attempts 
to crystallize Fraction I, Fraction II, and Fraction III failed. Fraction II, a yellow oil, 
was dried for 60 hr at 25°C/1 -0 mm Hg and was then analysed. Found: C, 62-28; H, 6-10; 
N, 8-52; Fe, 6-19; Br, 8-00. Calc, for (CsH 50 CH 2 CH 2 CH 2 NC) 5 FeCNBr-H 2 0 : C, 62-13; 
H, 5-82; N, 8-53; Fe, 5-66; Br, 8-11%. 

Infra-red (CHC1 3 ): 2-95 (m), 3-40 (s), 4-53 (vr), 4-73 (r), 6-28 (r), 6-72 (r), 6-84 (s), 
6-98 (s), 7-25 (m), 7 50 (m), 7-80 (m), 8-10 (vs), 8-25 (vs), 8-56 (s), 9 25 (s), 9-56 (s), 10-38 (m), 
10-79 (m), 11-38 (m), 14-40 (s) p. 


Reaction of I with 12-bromo-n-dodecanoic acid 

To 15-0 g (0-02 mole) of I were added 33-5 g (0-12 mole) of 12-bromo-n-dodecanoic 
acid and the reaction mixture was dry-distilled at 1 -0 mm and 140°C oil-bath temperature 
in the usual fashion. After 90 min, 8 ml of benzyl bromide (11 -6 g or 68 per cent conversion 
based on exchange of all benzyl groups), b.p. 40-42°C, distilled over as the sole product 
(identified by the infra-red spectrum of the distillate). The residue of the reaction was then 
extracted with ether to remove the unreacted 12-bromo-n-dodecanoic acid. The ether 
insoluble material was dissolved in chloroform, was filtered several times through charcoal, 
and was crystallized from chloroform methyl ethyl ketone. 

The material melted, after drying at 1 -0 mm Hg at 61-63°C. Found: C, 55-16; 55-34, 
55-61; H, 8-81,8-95,8-95;N, 5-65,5-45 ;Fe, 3-68; Br,13-73. Calc.for(HCO 2 (CH 2 ) 10 CH 2 NC) 5 
FeBr 2 -3H 2 0: C, 55-90; H, 8-20; N, 5 02; Fe, 3-99; Br, 11-45%. 

Infra-red (KBr): 2-95 (s), 3-26 (sA), 3-41 (vs), 3 51 (vs), 4-50 (vs), 5-78 (vs), 6-81 (s), 
6-94 (w), 7-16 (w), 7-41 (w), 7-62 (w), 7-96 (w), 8-10 (w), 8-30 (w), 8-59 (s), 9-06 (w), 9-55 (w), 
11-26 (w), 12-35 (*v), 13-50 (u>), 13-88 (w) p. 


Simultaneous reaction of allyl bromide and p-carbomethoxybenzyl bromide with K«Fe(CN)6. 

To 11-45 g (0-05 mole) of p-carbomethoxybenzyl bromide and 6-05 g (0-05 mole) of 
allyl bromide were added 15-0 g (0-015 mole) of dry K 4 Fe(CN )6 and the reaction mixture 
was heated on the steam bath with stirring in a vessel closed by a calcium chloride tube for 
two days. The reaction mixture was then extracted with petroleum ether to remove the 
unreacted bromides The petroleum ether insoluble material was extracted with boiling 
chloroform and the chloroform extracts were evaporated to dryness. All attempts to 
crystallize this material failed. Finally it was pressed on a clay-plate and was crystallized 
yielding about 2-0g of a material melting at 220-230°C. After several more recrystallizations 
from carbon tetrachloride-chloroform the material melted at 233-237'C. The material 
did not depress, upon mixture, the melting point of (CHj0 2 CC 6 H4CH 2 NQ s FeCNBr-H 2 0 
and the infra-red spectra of these two materials were identical. 


Reaction of (C«HsCH 2 NC)sFeBr 2 with p-nitrobenzyl bromide 

To 6-75 g (7-2 mmole) of(C 6 H 5 CH 2 NC) 6 FeBr 2 were added 9-33 g (43 mmole) of p-nitro- 
benzyl bromide, the reaction mixture was well mixed and was distilled under reduced pressure 
at 1 -0 mm in the usual fashion. The reaction was stopped after about 1 -5 ml of a liquid 
distilled over; the liquid was identified as benzyl bromide, (1-5 ml = 2-15 g — 1-3 mmole of 
benzyl bromide or 18 per cent of total benzyl bromide). The residue was extracted with 
ether, which yielded, upon evaporation, 10-1 g of wet p-nitrobenzyl bromide. The ether 
insoluble material was then crystallized from acetone yielding 3 -3 g of N-benzyl formamide 
and a non-identified oil. The N-benzyl formamide was identified by infra-red spectrum 
of an authentic sample. 
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RESULTS AND DISCUSSION 

It was noticed earlier that the alkylations of tetrabenzylisonitrile iron 01) 
cyanide 01) to cyanopentabenzylisonitrile iron (II) bromide 0) and of cyanopeata- 
benzylisonitrile iron 01) bromide to hexabenzylisontrile iron II bromide (HI) with 
benzyl bromide are equilibrium reactions: 

QHjCHjBr C 6 HjCH 2 Br 

(C 6 H 5 CH 2 NC) 4 Fe{CN) 2 . -- * (QsHjCHzNQsFeCNBr / 1 ;- 

(C 6 H 5 CH 2 NC) 6 FeBr 2 

When a foreign alkyl halide was introduced into the system, these alkylation 
reactions could be tailored into a synthesis of new isonitrile complexes by a “trans¬ 
alkylation reaction.” 


(RNQ 5 FeCNBr-f R’Br 


a. 

b. 

c. 

d. 

e. 


(RNC) 4 
R’NC 
(RNC) 

(R’NC), 

(RNC), 

(R’nc) 3 

RNC 
(R’NC) 4 
(R’NC) s FeCNBr 


FeCNBr 


FeCNBr 


FeCNBr 


FeCNBr 


+RBr 


( 2 ) 


The transalkylation of isonitrile complexes could be accomplished with an 
alkyl halide R’X, which is higher boiling then RBr, by a continuous distillation of 
RBr from the reaction mixture to yield b, c, d and e. The reaction is, in form, 
similar to the transalkylations and transesterifications found, for example, in carbon 
<8,<» and boron chemistry (1 °. n) . Since the separation and crystallization of the 
reaction products were laborious each reaction is described in some detail in the 
Experimental Part and the reaction products isolated are summarized in Table 1. 
Considerable difficulty was encountered with the purification of these products. 

A typical reaction profile is given in Fig. 1 for the transalkylation of I with 
p-mtrobenzyl bromide, and /1-naphthyl bromomethane. The reactants were well 
mixed and were placed into a still equipped with a magnetic stirrer and two ther¬ 
mometers: one to measure the temperature in the distillation vessel and the other 
to measure the temperature of the distilling vapour. The still was connected to a 
graduated cylinder and was evacuated and placed into a constant temperature bath. 
The constant bath temperature was brought to about I20°C, at which temperature 
the reaction started. The temperature was maintained at about 120°C or was 
increased by about 15-30°C after the distillation of three moles of benzyl bromide. 
The progress of the reaction was followed by the rate of distillation of benzyl bromide. 

(5 > W. Z. Heldt, J. Inorg. Nucl. Chem. 22, 305 (1961). 

(6) K. E. Schulze, Ber. Dtsch. Chem. Ges. 17, 1527 (1884). 

,7) E. G. J. Hartley, J. Chem. Soc. 101, 705 (1912). 

(,) A. Schneider, US. Pat. 2742512, J. T. Kelly, F. T. Wadsworth and R. J. Lee, U.S. 
Pat. 2759027. 

(9) J. H. Halsam, U.S. Pat. 2822348. 

<10i H. C. Brown and B. C. Subba Rao, J. Org. Chem. 22, 1137 (1957). 

,n) P. D. Georoe and J. R. Ladd, J. Amer. Chem. Soc. 77,1900 (1955). 
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la each of the cases investigated (see Table 1) the rate of distillation of benzyl 
bromide decreased after about three to four moles of benzyl bromide had distilled 
over. Hexadecyl bromide transalkylated about twice as fast as hexadecyl chloride. 
No comparison was made between the relative velocity of transalkylation of hexadecyl 
iodide and hexadecyl bromide. The initiation period of the “transalkylation” 
reaction was shorter the more polar R’X suggesting perhaps a medium effect. 



Time, min 

Fig. 1.—Rate of transalkylation of I with p-nitrobenzyl bromide (•) and with 
^-naphthyl bromoethane (o) as measured by the rate of distillation of benzyl bromide. 

_ Table 1.—Transalkylation reactions, summary _ 

Moles R’X/ 

moles I* R’X Products isolated 


4 

5 

4 

6 
4 
4 

8 

6 

6 


/>-N02QH 4 CH 2 Br (R’NC) 2 (RNC) 3 FeCNBr; 

(R’NC) 4 (RNC)FeBr 2 -2H 2 0 

p-CH 3 C0 2 C6H 4 CH2Br (R’NC) 3 FeCNBr; (R’NC) 4 RNCFeCNBr’H 2 0; 

(R’NCMR’NQjfRNQjFeCNBr 
C«HsCOCH 2 Br (R’NC) 3 FeBr 2 

o-CH 3 C«H 4 CH 2 Br (R’NC) 4 Fe(CN )2 

p-CH 3 C 6 H 4 CH 2 Br (R’NQsFeCNBrftO 

/3-naphthyl CH 2 Br (R’NC) 3 FeCNBr H 2 0; 

(R’NQ 2 (RNC) 3 FeCNBr 

CH 3 (CH 2 )i 4 CH 2 I (R’NQjFeCNI; (R’NC) 4 RNCFeCNI 

C«H 3 0{CH2)2CH2Br (R’NC) 3 FeCNBrH 2 0 

HC0 2 (CH 2 )i 2 CH 2 Br (R’NQjFeBr 2 -3H20 


Moles R’X/ 



moles II* 



5 

p-CH 3 C0 2 C«H 4 CH2Br 

(R’NC) 4 RNCFeCNBr 

5-5 

p-CH 3 C 6 H 4 CH 2 Br 

(R’NC) 4 (RNC)FeCNBr 


snzyl 
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All compounds which could be isolated from the solid reaction mixtures are 
summarized in Table 1. The structures of the transalkylated products were deter¬ 
mined by ultimate analysis, infra-red spectra and frequently by comparison with 
samples prepared by an independent routed 53 Some of the samples contain water 
of crystallization which was absorbed from the solvent of crystallization. Iron 
isonitrile complexes of types II and III and probably also I are clathrate compounds*!*) 
and we have found that the water of crystallization is frequently difficqlt to remove. 
In addition to these compounds expected from equation (2), materials in which the 
cyano group was replaced by bromide with structures tentatively assigned as 
[(p-02NC 2 H 4 CH 2 NC)4C 6 HsCH2NC]FeBr2H 2 0, (C 6 H 5 COCH 2 NC) 5 FeBr 2 , and 
(p-0 2 NC2H 4 CH2NC)5FeBr2-3H 2 0 were isolated as major constituents. The mode 
of formation of these materials is thus far not clear. In the reaction of I with o-xylyl 
bromide and with n-hexadecyl iodide, an isonitrile was identified among the dis¬ 
tillation products. 

The scope of the transalkylation reaction is clearly broader than the alkylation 
of alkali ferrocyamdes with alkyl halides. The alkyl group in R’X may be activated 
by a carbon-carbon double bond in the a-position or may be nonactivated: it may 
bear a substituent such as a carboxy group. X may be chloride, bromide, or iodide. 

The mechanism of the transalkylation reaction is very complex because of the 
multitude of products involved and the possibility of internal rearrangement within 
the complex.< 13) The first step m the reaction may be the alkylation of I to III or 
elimination of benzyl bromide to form either II or IV. (See Fig. 2). The alkylation 
of I with benzyl bromide was slower than the total transalkylation reaction with 


CN 


, t 


Z57 


CN / 

RBr 
C 

1 


CN 


Br- 
X CN 

SL0W W /- 4* ~7 


CN 


m 


Z37 


++ 

2 Br = 


Fio. 2.—The stereochemistry of the transalkylation reaction. 


either p-nitrobenzyl bromide or p-xylyl bromide. Furthermore, no transalkylated 
products were obtained in the reaction of III with p-nitrobenzyl bromide. Therefore, 
the alkylation of I to III cannot be a principal step in transalkylation. Only one 
tetrabenzylisonitrile iron II cyanide was synthesized, m.p. 229-230°C: on the basis 
of infra-red, nuclear magnetic spectra, <n> and its thermal stability, it is most probably 
nz) H. M. Powell and G. W. R. Bartindale, /. Chem Soc. 799 (1945). 

<13> W. Z. Heldt, J. Inorg. and Nucl. Chem. In print. 

(u> W. Z. Heldt. Unpublished results, (1960). 
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the “trans-isomer". Transalkylation of II with p-carbomethoxybenzyl bromide 
and p-xylyl bromide was slower than the corresponding transalkylation of I, and 
different products were isolated from the two reactions. Furthermore, II was isolated 
in the transalkylation of hexadecyl iodide even when an excess of hexadecyl iodide 
was used. Hence the first step in the transalkylation of I is most probably the forma¬ 
tion of IV. Transalkylation of 1 with less than stoichiometric amounts of p-xylyl 
bromide yielded the totally transalkylated product (p-CHjQHsC^NQsFeCNBr 
•H 2 O. The experiment suggests that the formation of IV may indeed be rate 
determining. 

It was found previously* 5 ) that electron withdrawing groups in p-XCgH^C^Br 
impede the alkylation of K 4 Fe(CN)6 to form R 4 Fe(CN) 2 > RsFe(CN)Br and R 6 FeBr 2 
and electron-donating groups accelerate the alkylation of K 4 Fe(CN) 6 . Electron 
withdrawing groups, -N0 2 , -C0 2 CH 3 , in p-XC 6 H 4 CH 2 Br do not impede the trans¬ 
alkylation reaction but perhaps even accelerate it as compared to an electron donating 
group, X = CH 3 . 

The qualitative results obtained thus far seem to indicate that either (a) the 
electronic effects involved in the elimination reaction (1 —*-IV) are cancelled by the 
electronic requirements for the alkylation of IV or (b) the rate-determining step in 
the reaction is the concerted displacement of the benzyl group by the halide anion 
in the formation of IV: the para substituent in a-d (equation 2) should then have a 
relatively small influence on the rate of elimination. 

Acknowledgement —The author wishes to thank Drs J. A C. Allison and G. R. Coraor 
for many helpful discussions and suggestions. 
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ORGANO-PHOSPHORUS COMPOUNDS—IV 
THE PREPARATION OF ISOMERIC TETRA-ALKYLDIPHOSPHINES 
AND TETRA-ALKYLDIPHOSPHINE MONOSULPHIDES, 

A NEW CLASS OF PHOSPHORUS COMPOUNDS*!) 

L. Maier* 

Monsanto Chemical Company, Research Department Inorganic Chemicals Division, 

St. Louis, Missouri; and Monsanto Research S.A. Zurich, Switzerland 
(Received 1 September 1961; in revised form 26 October 1961) 

Abstract—Organic substituted diphosphine disulphides are reduced by tributylphosphine, 
when heated in the ratio 1; 2 to give excellent yields of tetra-alkyldiphosphines. In this 
reaction, tetra-alkyldiphosphine disulphides of the type RR'P(S)-(S)PRR' yield two isomeric 
diphosphines, the structure of which has been proved without question by nuclear magnetic 
resonance (n.m.r.) and chemical reactions. It is believed this to be the first time that such 
isomerism has been observed with triply connected phosphorus compounds. 

If tetra-alkyldiphosphine disulphides are caused to react with tributylphosphine in the ratio 
1; 1 at elevated temperatures a new class of phosphorus compounds, the tetra-alkyldiphosphine 
monosulphides are produced. The structures and some of the chemical reactions of theae 
compounds are discussed. A number of new n.m.r. chemical shifts are reported. 

Although diphosphine, H 2 P-PH 2 , has been known for a long time, the first organic 
substituted diphosphine (C 6 H 5 ) 2 P-P(C6H 5 ) 2 originally described in 1888* 2 > was 
thoroughly investigated only recently.< 8 > it was prepared by the following reaction: 

(C 6 H 5 ) 2 PH+CIP(C 6 H 5 ) 2 -»(C 6 H 5 ) 2 P-P(C 6 H 5 ) 2 +HC1 (1) 

Later Issleib and Seidel* 4 ' extended this method to the preparation of aliphatic 
diphosphmes. Other methods for preparing tetra-alkyldiphosphines involve the 
reduction of tetra-alkyldiphosphine disulphides. As reducing agents, Zn-dust,* 5 't 
Na,< 6) Fe, Cu< 7) and most conveniently tertiary phosphines* 8 *- 0 ' have been used, 
especially n -tributylphosphine, which is available commercially. 

* On leave of absence during 1960 from Monsanto Research S.A., Zurich, 
t We observed that with Zn dust as a desulphurizing agent many by-products are formed, 
caused probably by a decomposition reaction* 88 ’. This observation was confirmed by 
H. N6th,< 9 ’. The boiling point of 54-5°C for P, P'-dimethyl-P, P'~diethylphosphine, 
reported in our preliminary communication,* 8 ^ is erroneous. This is the boiling point of 
methylethylphosphine CH 3 (C 2 H 3 )PH. The correct boiling point of CH 3 (CzH 5 )P-P(C 2 H«)CH 3 
is 188-190°C at normal pressure. We believe that the boiling point of (n-C 3 H 7 > 2 P~P(C 3 Hr-n )2 
given by Kuchen* 5 ’ as 108°C is also wrong. This is probably the boiling pomt of dipropylphos- 
phine (n-C 3 H 7 > 2 PH. The correct boiling point of (n-C 3 H 7 ) 2 P-P(C 3 HT-n) 2 is 144-145°C/16 
mm Hg.*«' 

* 1 ’ Part 3 of this series L. Maier, Ber. Dtsch. Chem. Ges. 94, 3056 (1961). 

(2) C. Dorken, Ber. Dtsch. Chem. Ges. 21, 1509 (1888). 

<3) W. Kuchen and H. Buchwald, Ber. Dtsch. Chem. Ges. 91, 2871 (1958). 

(4) K. Issleib and W. Seidel, Ber Dtsch. Chem. Ges. 92, 2681 (1959). 

(5 > W. Kuchen and H. Buchwald, Angew. Chem. 71, 162 (1959). 

(6) K. Issleib and A. Tzschach, Ber. 93, 1852 (1960). 

* 7 ’ H. Nieberoall, Angew. Chem. 72, 210 (1960). 

* 8 ’ (a) L. Maier, Angew. Chem. 71, 575 (1959); (b) L. Maier, Ber. Dtsch. Chem, Ges. 94, 
3043, (1961); (c) G. W. Parshall, /. Inorg. Nucl. Chem. 14, 291 (1960). 
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1. Stereoisomeric organic substituted diphosphine 

The reduction of asymmetric tetraalkyl- or dialkyl-diaryldiphosphine disulphides 
with tributylphosphine yields asymmetric diphosphines according to Equation (2); 

CH 3 S S ch 3 CH, ch 3 

P-P. +2(C 4 H 9 ) 3 P -a 2(C 4 H 9 ) 3 PS+ P-P 
R X X R R R (2) 

R = C 2 H 5 , CeHs 

In investigating the 31 P nuclear magnetic resonance (n.m.r.) spectra of diphosphines 
which are believed to exhibit two different organic groups on each phosphorus, we 
found two distinct peaks of the same intensity. Fig. 1 gives the n.m.r. spectra of 
P,P'-dimethyl-P, P'-diphenyldiphosphine and P, P'-dimethyl-P, P'-diethyldiphos- 
phine. 




Fig. 1.—a. 51 P nuclear magnetic resonance spectrum of 

b. same spectrum decoupled 

c. 3l P nuclear magnetic resonance spectrum of 

d. same spectrum decoupled 


CH 3v 7 ch 3 
P-P x 

c 6 h/ x c 6 h 5 
ch 3 /CH 3 

P-P 

QHj 7 X C 2 H 5 


Although two peaks with the same area can be clearly seen (a, c) in the normal 
spectra their resolution is not as good as in the spectra b and d because of the spin-spin 
splitting of the hydrogens attached to the carbon atoms with the phosphorus. This 
makes the peaks somewhat broader and not as high as in b and d. 



Organo-phosphorus compounds—IV 


277 

However, using the spin decoupler to superimpose a radiofrequency so as to 
decouple the spin-spin splitting of the hydrogens attached to the carbon atoms with 
the phosphorus, the two peaks become much sharper and higher and the resolution 
increases (spectra b, d). The separation of the two peaks changes with the groups 
attached to the phosphorus atoms. The two peaks in P, P'-dimethyl P, P'-diphenyl- 
diphosphine are separated by 3-5 p.p.m. while in P, P'-dimethyl-P, P'-diethyldiphos- 
phine the separation is 1 -5 p.p.m. The existence of two peaks of the same area for 
these asymmetric diphosphines can be explained on the basis that: 


( 1 ) two isomeric forms are present in a 1:1 ratio 


ch 3 ch 3 

;P-P and 
K X R 


ch 3 , r 

P-F 

R 7 CH 3 


(I) 


R = C 2 H 5 , CflHj or 


( 2 ) rearrangement occurred to give a structure of the following type: 

CH 3 /R 

;p-p( (id 

ch 3 x r 

Four or more peaks would normally be expected for structure II, although two 
peaks would be possible for a certain combination of chemical shifts and the P-P 
coupling constant. 

However, structure II could be ruled out since upon going to higher frequencies 
with the n.m.r. spectrometer (from 16-2 to 24-3 Mc/s) the separation of the two peaks 
remained the same in p.p.m. If the two peaks were caused by P-P spin splitting, as 
in structure II, the separation in p.p.m. of the two peaks would have changed. 
Further evidence for structure I was obtained by cleaving the asymmetric diphosphines 
with bromine; only one product, a mixed dialkyl- or alkylarylbromophosphine was 
produced. 


CHv /CH 3 CH k 

W +Br, -* 2 >-Br (3) 

K X R R X 

R = C 2 H 5 , C 6 H s 


It is interesting to note that both the meso and the racemic tetra-alkyldiphosphine 
disulphides (8a,b > gave on reduction with tributylphosphine the asymmetric diphos¬ 
phines in a 1:1 ratio. This means that either the reduction temperature is high 
enough to effect conversion, or a breakage of the P-P bond is involved to give first 
a dialkylphosphine radical (CH 3 RP-), which would then combine with another 
dialkylphosphme radical in a statistical manner to give a 1:1 mixture of the asym¬ 
metric diphosphines. 

We believe this to be the first time that stereoisomers have been observed with 
triply connected phosphorus compounds. Separation of the two isomers could not 
be achieved by distillation. 
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2. Tetra-alkyldiphosphine monosulphides 

When the tetra-alkyldiphosphine disulphides were made to react with tributyl- 
phosphine at 170°C at exactly a 1:1 ratio a new class of phosphorus compounds, the 
tetra-alkyldiphosphine monsulphides 

S 

R 2 P-PR 2 

were obtained in nearly quantitative yield. Only a very small amount of the com¬ 
pletely reduced diphosphme disulphide, the tetra-alkyldiphosphine and traces of 
unreduced diphosphine disulphide were present. 


R S S R R S R 

\t t/ \ \/ 

,P-P V +(C 4 H«) 3 P - .P-P + (C 4 H 9 ) 3 PS 

R,/ X Rf R ./ \ R , 

(4) 

R = CH 3 , C 2 H 5 

(III) R'=CH 3 ,C 2 H5,C 6 H 5 


The structure of III was proved unequivocably by n.m.r. Since this is an AB type 
compound, the theory predicts* 10 * that the spectrum consists of a pair of doublets, 
the doublet splitting being equal to the spin-coupling constant. Indeed, a spectrum 
of this kind was obtained. Fig. 2 gives the n.m.r. spectrum of tetramethyldiphosphine 
monosulphide and dimethyl-diethyldiphosphine monosulphide. The undecoupled 
spectrum indicated two pairs of peaks, but especially spectrum c is not too well 
resolved because of spin-spin splitting of the hydrogens attached to the carbon 
atoms with the phosphorus. However, the decoupled spectrum shows clearly that 
we have two pairs of peaks, whereby the inner peaks (4, 5) being larger in area than 
the outer peaks (2, 7 b and 1, 7 d). It should be pointed out that the entire spectrum 
cannot be decoupled at one superimposed frequency. The negative part of the 
spectrum, attributable to the quadruply connected phosphorus compounds (peak 
2-4a or l-4b) decouples at a different frequency than the positive part of the 
spectrum assignable to triply connected phosphorus compounds. The spincoupling 
constant (/) (No. of cycles between 2 and 4, 1 and 4, or 5 and 7) was measured as 
243 c/s. Knowing J, the relative intensities of the four observed peaks can be calculated 
according to the following equations 1 


C • sin 6 = \ J (5) 

and C = [l/2(y 0 <5)2+/ 2 ]* (6) 

This equation solved according to Hamiltonian gives the energies for the transitions* 10 ': 



Energy 

Relative intensity 

5-2 

iJ+C 

1—sin 0 

7-4 

—J J+C 

1+sin 0 

4-2 

\J-C 

1+sin 6 

.7-5 

. —i J—C 

1—sin 6 


<»> H. N5th, Z. Naturforsch. 15 B, 327 (1960). 

* l0) J. A. Pople, W. G. Schneider and H. J. Bernstein, High Resolution Nuclear Magnetic 
Resonance, p. 119. McGraw Hill, New York (1959). 
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Fig. 2.—a. 3I P magnetic resonance spectrum of (CHahP-PfCHsh (peak 2,4—5, 7) together 
with (QFMjPS (peak 1), unreduced [(CH 3 )iPSh (peak 3) and completely reduced 
[(CH 3 ) 2 P] 2 (peak 6) 

•b. same spectrum decoupled S . 

c. 3'P magnetic resonance spectrum of P-P / (peak 1, 4—5, 7) 

c 2 h/ c 2 h 5 

together with (G*H<)bPS (peak 2), unreduced [CH 3 (C 2 Hs)PS ]2 (peak 3) and com¬ 
pletely reduced [CHjCiHsPh (peak 66'). 

d. same spectrum decoupled. 


Table 1 summarizes the theoretical relative intensities expected for J — 243 c/s and 
C = 811-5 c/s ( C was calculated from the correlation 2C —J — 1380 c/s whereby 
1C—J is the distance between the two inner peaks (4 and 5): this gives for sin 0 a 
value of 0-15) with the intensities observed for tetramethyldiphosphine monosulphide 
and tetraethyldiphosphine monosulphide. The agreement between theory and 
experiment is excellent. 

Provided that, during the preparation, an “umbrella-type” inversion of the 
molecule occurs at the triply connected phosphorus atom to give: 

R' S R' R S R' 

\ t/ \ t/ 

P-P and P-P (IV) 

r/ ^r r'/ ^r 

tetra-alkyldiphosphine monosulphides with two different groups on the phosphorus 
atoms should theoretically give 8 peaks in the m.m.r. with the four inner peaks 
being larger in area than the four outer peaks. In reality only four peaks (the two 
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Tabu 1.— Tee calculated relative intensities for J = 243 c/s and C — 811-5 c/s 

ARB COMPARED WITH THE INTENSITIES OBSERVED FOR 


s s 

(CH 3 ) 2 P-P(CH 3 ) 2 AND (C 2 H 5 ) 2 P-P(C 2 H 5 ) 2 


Peak 

Calc, relative 
intensities 

Observed for 
(CH 3 ) 2 P-P-(CH 3 ) 2 
i 

S 

(C 2 H 5 ) 2 P-P(C 2 H5) 2 

1 

s 

2 

0-85 

0 85 

0-81 

4 

115 

1-17 

1-14 

3 

115 

1-18 

M3 

7 

0-85 

0 85 

0-85 

Intensity ratio 

1-353 

1-37 

1-33 


inner ones being large) were observed. This might be due to the fact that molecular 
inversion did not occur (perhaps being prevented by the bulky sulphur atom) or the 
n.m.r. resolution was not high enough to resolve the eight peaks. 

3. Properties of the tetra-alkyldiphosphine monosulphides 

Tetramethyldiphosphine monosulphide could be distilled without decomposition 
under reduced pressure. However, because of the closeness of the boiling points no 
quantitative separation from tributylphosphine sulphide was achieved. The com¬ 
pound ignites in air. Oxidation with 0 2 in acetone solution caused destruction of 
the molecule and no compound of the structure 

O S 

(CH 3 ) 2 P—P(CH 3 ) 2 

could be identified However, a chemical proof of the structure was obtained 
by cleavage of the diphosphmc monosulphides with bromine m benzene solution. 

R S R R R S 

\ y / \ \ t 

P-P +Br 2 -* P-Br+ ,P-Br (7) 

R' X X R R' x R (/ 

A 1:1 mixture of dialkylbromophosphine and dialkylthiophosphimc bromide 
was obtained. 


EXPERIMENTAL 

The tetra-alkyldiphosphine disulphides [(CH3) 2 PS]2, ( 11 * [(C 2 H5) 2 PS ] 2 , (1 2) [CH 3 (C 2 Hs)PS]2 
and [CH 3 (C 6 H 5 )PS] 2 «‘*. b > were prepared as described in the hterature, and carefully purified 
by recrystallizing them several times.* 

* The main impurities, which are dialkylthiophosphimc acids, R 2 P(S)SH and R 2 P(S)OH, 
were first removed by treatment with alkaline solution. (128 > It was found in this work that 
they are reduced by (C4H») 3 P to give a secondary phosphine (R 2 PH). 

<n) (a) M. I. Rabachnik and E. S. Shepeleva, hvestia Akad. Nauk 56 (1949); 

(b) H. Reinhardt, D. Bianchi and D. Molle, Ber. Dtsch. Chem. Ges. 90,1657 (1957). 
U2> (a) P. J. Christen, L. M. Van der Linde and F. N. Hoooe, Rec. Trav. Chim. 78, 161 
(1959); (b) K. Issleib and A. Tzschach, Ber. Dtsch. Chem. Ges. 92, 704 (1959). 
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1. Preparation of CH3. /CH3 

>-P( ■ (V) 

C 2 h/ N QiH5 

A mixture of 12g of [CHjQHjPSb—the high and low melting form* 8 ** b > gave upon reduc¬ 
tion the same 1:1 mixture of stereoisomeric diphosphines—and 23 g of tributylphosphine* 
was slowly heated in an atmosphere of nitrogen. The mixture became a homogenous 
liquid at 150°C. Continued heating yielded 8 g of liquid, spontaneously inflammable in air, 
which on redistillation gave 5-5 g (65 4 per cent.) of clear colourless (V) b.p. 188-190°C at 
740 mm Hg. (Found: C, 48-32; H, 11 -06. Calc, for C 6 H 16 P 2 (15015): C, 47-9^>; H, 10-74%). 
N.m.r. indicated that the reduction of the diphosphine disulphides with tributylphosphine 
is quantitative. However, due to the high solubility of the tetra-alkyldiphosphines in 
tributylphosphine sulphide only a 60-70 per cent yield could be obtained by distillation. 
For n.m.r. investigation mixtures of the diphosphine disulphides and tributylphosphine in 
the ratio of 1:2 1 (5 per cent excess of (CiHshP) were sealed under nitrogen in thick-walled 
Pyrex tubes of 15 mm diameter and heated for 14-3 hours to 170°C. Heating of the tubes 
for 20 hr at 170°C did not decompose the tetra-alkyldiphosphines. The tubes were opened 
under nitrogen and the tetra-alkyldiphosphines were obtained by fractional distillation. 
Table 2 summarizes the results. 


Table 2.—Boiling points and 31 P chemical shifts of tetra-alkyldiphosphines 

R R 

>-? 

R,/ Vr ' 


R 

R' 

b.p. CC) 

Yield (%) 

31 P chemical shift in 
p.p.m. relative to 

85 % H 3 PO* 

ch 3 

CH 3 

38-40/16 mm Hg* 

62 

+ 59-5 

c 2 h 5 

c 2 h 5 

220-3/740 mm Hgf 

68 

+ 34-3 

ch 3 

c 2 h 5 

188-190/740 mm Hg 

65 4 

+44-7, +46-2 

CH 3 

c«h 5 

128-130/0-5 mm Hg+ 

70 

+ 38 2, +41-7 


t Reported b.p. 221-222°C.<«> 
t m.p. 73-76°C; reported m.p. 75-77°C.<««> 


2. Cleavage of [CH 3 (C 2 H 5 )P] 2 (V) with bromine 

A solution of 6 9 g of bromine in 20 ml of benzene was slowly added to 6-5 g of V 
dissolved in 20 ml of benzene. A strong exothermic reaction ensued (excess of bromine has 
to be avoided, otherwise CTWOHOPBo is formed). Fractional distillation of the colourless 
solution yielded 8 7 g ( = 65 per cent) of CH 3 C 2 H 5 PBr, a colourless liquid which fumes 
heavily in moist air, b.p. 129°C/740 mm Hg, n.m.r. chemical shift—98-5 p.p.m. (reported 1 
b.p. 128-129°C/720 mm, chemical shift—98-5 p.p.m.) »5> (Found: C, 23-25; H, 5-20. 
Calc, for C 3 H 8 BrP(154 99): C, 23 -04; H, 5-47%). In the same way 4 3 g of [CH } (C 6 H,)Ph 
dissolved in 15 ml of henzene with 2 2 g of bromine in 15 ml of benzene gave 4 g ( ■» 61 per 
cent) of CHsCeHjPBr, bp. 65°C/0-5 mm (reported bp. 215°C/15 mm Hg (16) , chemical 
shift—77 p.p m.** 

* The tributylphosphine used in these experiments was supplied by Westvaco, Mineral 
Products Division of F.M.C. Corporation. 

** This agreed well with a sample synthesized by an independent method which will be 
reported in the near future. 

(13) A. B. Burg, P. J. Slota and W. Mahler, Abstracts of Paper presented at 134th meeting 
of the American Chemical Society, p. 78 P. September (1958). 

(l4 > J. W. B. Reesor and G. F. Wright, J. Org. Chem. 22, 385 (1957). 

(15> H. Ulmer, L. C. D. Groenweghe, and L. Maier J Inorg. Chem. 20, 82 (1961) 

U6) G. M. Kosolapoff, Organophosphorus Compounds, J. Wiley. New York (1950). 
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3. Preparation of(CH,) 2 P-P(CH 3 h (VI) 

A mixture of 11 -5 g of tributylphosphine and 10-5 g of tetramethyldiphosphine disulphide 
was sealed under nitrogen in a thick-walled Pyrex tube and heated for 20 hr to 170°C (n.m.r 
analysis after 3 hr heating indicated that the redaction was not complete after this period). 
Then the tube was opened under nitrogen and the content fractionally distilled under reduced 
pressure. A fraction boiling at 65-70°C/0 5 mm contained mostly VI (90 per cent.) but also 
10 per cent of (C<H«) 3 PS as analyzed by n.m.r. The compound ignites in air and solidifies 
at room temperature. Other tetra-alkyldiphosphine monosulphides were synthesized similarly 
and analysed by n.m.r. The results are summarized in Table 3. 

S 

r 

Table 3.— 31 P chemical shift of tetra-alkyldiphonphine monosulphidbs RRT-PRR' 


R 

R' 

31 P chemical shift in p.p.m. relative to 

85 % H 3 PO 4 * 

CHj 

CH, 

—43-9, —30-3 

+ 54 7, +69-5 

c 2 h, 

c 2 h 5 

—62-8, —47-8 

+29-5, +44-6 

ch 3 

c 2 h 5 

—53-9, —40-2 

+40-9, -+-55-8 

ch 3 

CftHj 

—43-7, —33 9 

+ 37-5, +47-4 


* The negative shift is due to the quadruply connected phosphorus atom and the positive 
shift to the triply connected phosphorus atom. 


Through careful fractionation P, P’-dimethyl-P, P'-diethyldiphosphine-monosuIphide 
S 

t 

[CH 3 (C 2 Hj)P-P(C 2 H 5 )CH 3 ] was obtained in a pure state, b.p. 85-86°C/0 025 mm and 
analysed. (Found: C, 39-21; H, 8-79; S, 17-74. Calc, for C 6 H, 6 P 2 S(181-2): C, 39-76; 
H.8-90; S. 18-11%). 

4. Oxidation of VI with oxygen 

Oxygen was bubbled through a solution of 1 g of VI dissolved in 5 ml of acetone. An 
extremely exothermic reaction occured. Acetone came to reflux. N m.r analysis of the 
crude product in acetone solution gave nine peaks all on the negative side. The two peaks 
on the positive side had disappeared. Since for a compound of the structure 

OS 

> R 2 P-PR 2 

only four peaks on the negative side would be expected, the P-P bond was probably oxidized 
to give a P-O-P bond which hydrolysed partly with trace amounts of water to give phosphinic 
and monothiophosphinic acid. No isolation of the species was attempted. 

S 

t 

5. Cleavage of R 2 P-PR 2 with bromine 

S 

T 

(a) Cleavage of CHjfCiHslP-PfCiHslCHj (VII) with bromine. To a solution of 0-9 g 
of VII in 1 ml of benzene was added 0-7 g of bromine in 1 ml of benzene. An exothermic 
reaction occurred. N.m.r. analysis showed two peaks of the same area, one at —98-5 p.p.m. 
(CH^HsPBr see experiment 2 and Reference 15) and one at —85 p.p.m.(CH 3 C 2 HjP(S)Br.) 
The latter compound was also obtained when [CH 3 (C 2 Hs)PS ]2 was cleaved with bromine;** 4 ' 
the chemical shift was the same. 
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(b) Cleavage of (CjHj^P-PfCjHsh (VIII) with bromine. To 0-72 g of VIII in 1 ml of 
C*H« was added 0*63 g of bromine in 1 ml of benzene. Diethylbromopshophine, (CjHs)iPBr, 
chemical shift —117 p.p.m.(and diethylthiophosphinic bromide (chemical shift— 96 p.p.m.), 
this compound was also obtained when [(CjHshPSfe was cleaved with bromine ;<*> the 
chemical shift was the same) were produced in a 1:1 ratio. 
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States Air Force under Contract AF 33(616}-6950 monitored by the Materials Laboratory, 
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IODINE MONOCHLORIDE AND IODINE TRICHLORIDE 
SYSTEMS INVOLVING PYRIDINE AND QUINOLINE 

R. D. Whitaker and J. R. Ambrose* 

Department of Chemistry, Washington and Lee University, Lexington,. Virginia 

(Received 1 September 1961 ; in revised form 5 October 1961) 

Abstract—Spectrophotometnc studies indicate that only addition compounds with 111 
stoicheiometries are present in significant concentrations in carbon tetra-choride solutions 
of iodine monochloride or iodine trichloride with heterocyclic amines. However, 
thermal studies reveal that in the solid state, in addition to the expected 1:1 type compounds, 
the system iodine trichlonde-pyridine forms C5H5N2ICI3 (m.p. 140°) and ICh iCjHjN 
(m.p. 69° incongruent) and the system iodine trichloride-quinoline forms ICI3 2 C 9 H 7 N 
(m.p. 81°). The system iodine monochloride-qumoiine forms only the l.'l type compound, 
and a reinvestigation of part of the system iodine monochlonde-pyridine confirmed the 
absence of a compound with a mole ratio of 1.2 of iodine monochloride to pyridine. 

In a previous publication*** from this Laboratory, the preparation of molecular 
addition compounds of the type D-IC1 and DICI 3 , where D is a molecule of one 
of several heterocyclic amines, was reported. These compounds were prepared by 
mixing carbon tetrachloride solutions of the iodine chlorides and amines at concentra¬ 
tions such that precipitation of the addition compounds occurred. It was of interest 
to investigate further some of these systems in order to study; ( 1 ) the possible presence 
in solution of addition compounds with stoichiometries other than 1 : 1 , and ( 2 ) the 
formation of compounds m the absence of a solvent. 

Carbon tetrachloride solutions of iodine monochloride with quinoline and of 
iodine trichloride with pyridine, quinoline, and 2 , 6 -lutidine were studied spectro- 
metrically using Job’s method of continuous variation. (2) Similar studies involving 
iodine monochloride with pyridine and 2 , 6 -lutidine as well as other interhalogen- 
amine solutions have been reported.* 3 * These studies indicated that addition com¬ 
pounds of 1:1 stoicheiometries only are present in significant concentration in 
solutions of these amines with iodine monochloride and iodine monobromide. One 
of the purposes of the present work was to determine whether or not iodine 
trichloride behaves in a manner analogous to the other interhalogen compounds in 
this respect. Phase diagrams were constructed for the binary systems of iodine 
monochloride and quinoline and of iodine trichloride with pyridine and quinoline. 
The phase diagram for iodine monochloride-pyridine has been reported.* 4 * A re¬ 
investigation of this system over part of the concentration range was undertaken. 

♦Taken in part from a thesis presented by J. R. Ambrose to Washington and Lee 
University in partial fulfilment of the requirements for the degree of Bachelor of Science m 
Chemistry. 

<u R D. Whitaker, J. R. Ambrose and C. W. Hickam, J. Inorg. Nucl. Chem. 17,254 (1961). 
,2) P. Job, Ann. Chtm. [10] 9, 113 (1928). 

<3) A. I. Popov and R. H. Rygg, J. Amer. Chem. Soc. 79, 4622 (1957). 

<4> Ya. A. Fialkov and I. D. Muzyka, J. Gen. Chem., Moscow, 18, 1205 (1948) 
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RESULTS 

Continuous variation studies 

These studies were carried out using carbon tetrachloride solutions of the iodine 
chlorides and amines in which the initial concentrations of components were varied 
over a ten-fold range, lCH-lCh 5 M. The absorbance was measured as a function of 
mole ratio of components at several wavelengths in the 290-330 m/i region. Maxima 
in the absorbances due to the complexes alone occurred at a mole ratio of 1:1 in 
every case. 

Thermal studies 

IC1 ^-pyridine system. In addition to the expected 1:1 compound, the phase 
diagram (Fig. 1) shows that two other compounds are formed, C 5 H 5 N 2 ICI 3 which 
melts at 140°, and ICI 32 C 5 H 5 N which melts incongruently at 69°. Eutectics occur 
at —47-2° with a composition of about 97 mole per cent pyridine, at 129° with a 



composition of 36 mole per cent pyridine, and at —24-6° with a composition of about 
2 mole per cent pyridine. Some decomposition was noticed with compositions rich 
in iodine trichloride. The evolution of chlorine, accompanied by darkening of the 
usual yellow colour, was sometimes detected, and it was necessary to frequently 
prepare fresh mixtures in order to obtain consistent results. Even so, somewhat less 
than the usual accuracy must be ascribed to the values obtained with iodine 
trichloride-rich mixtures. 

The melting point of the 1:1 compound was found to be 168-2°. This value is 
a bit lower than the melting point of HS-H? 0 * 1 ' as determined on a small sample 
of the 1:1 compound, prepared by precipitation from solution. However, the 
agreement is close enough to resolve the discrepancy between this latter value and 
the value given by Zappi and Fernandez, who reported a decomposition point 
of 196° for this compound. It is clear that the more nearly correct melting point for 
the pure 1:1 compound is 175-177°. 

(5) E. V. Zappi and M. Fbrnandez, Ann, Ass. Quim. Argentina, 27, 102 (1939). 




Iodine monochloride and iodine trichloride systems 287 

ICl 3 -quinoline system. The phase diagram (Fig. 2) shows that a compound 
IC 13 ’ 2 C$H 7 N which melts at 81° is formed, as well as the expected 1:1 compound. 
Mixtures containing more than 60 mole per cent iodine trichloride reacted explosively 
when heated. However, the system possesses a eutectic at 82° with a composition of 



43 mole per cent quinoline, so that it is likely that another, somewhat unstable 
compound exists. The other eutectics occur at —42-7° with a composition of 95 
mole per cent quinoline and at 60° with a composition of 59 -5 mole per cent quinoline. 
The melting point of the 1:1 compound was found to be 128-4°, which compares 
reasonably well with the previously reported value of 134-139°.< 1) 

\C\-quinoline system. Only the 1:1 compound was found to exist. (Fig. 3.) 
Its apparent melting point of 132-2° is far below the previously reported value of 
150-152°.< 1 > Although the freezing points of mixtures close to the 50 mole per cent 
composition were reproducible, it was observed that some decomposition did occur 
when these mixtures were liquified. The characteristic bright yellow colour of the 
solid mixtures changed to brown after liquification. However, this darkening became 
less pronounced as the compositions became richer in either component. The dashed 
line indicates the region where significant decomposition occurred. The remaining 
regions of the diagram possess the usual accuracy. Eutectics occur at precisely the 
same temperature of —31-8°, with compositions of 22 mole per cent and approxi¬ 
mately 97 mole per cent quinoline. 

IC1 -pyridine system. Fialkov and Muzyka«> have published this phase diagram. 
Their work revealed two compounds—the 1:1 compound and a compound of the 
type CjH 5 K-2IC1 which melts at 35-1°. However, the freezing curve shows a rather 
abrupt change in slope in the region 70-80 mole per cent pyridine. Thinking that 
an incongruently melting compound consisting of a mole ratio of pyridine to iodine 
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moaodUoride of 2:1 might have been overlooked, the present authors reinvestigated 
this system in the region 65-85 mole per cent pyridine. No meritectic halt was 
observed and no significant deviations from the previously reported results were 
obtained. 



Fig. 3.—The system iodine monochloride-qumoline. 


DISCUSSION 

The continuous variation studies indicate that in non-polar solvents, the only 
important equilibrium in solutions of iodine monochloride or iodine trichloride- 
heterocyclic amine systems is; 

D+A ^ DA 

where D is the donor molecule and A is the acceptor molecule The usual assumption 
made in connexion with work on relatively weak donor-acceptor systems has been 
that in non»polar solvents, the only complex in solution in significant concentration 
is the 1:1 species.* The situation is apparently the same for comparatively strong 
donor-acceptor systems. Although factors such as the relative donor-acceptor 
strengths of the molecules and the relative sizes of the molecules usually do not alter 
the stoicheiometries of the complexes which are formed in solution, the comparative 
degrees of dissociation of the complexes will, of course, depend strongly on these 
factors/ 3 * 

In the absence of a solvent, however, the formation of compounds occurs in 
which stoicheiometries not solely of 1:1 are realized. The higher melting point of 
CjH 5 N-2ICl3 as compared with that of C5H 5 N-2IC1 is similar to the case for the 

* It is not implied that there may not be several complexes with 1; 1 stoicheiometries in 
equilibrium, each with different orientations of donor and acceptor molecules. For a dis¬ 
cussion of such isomerism see, Orgel and Mulliken. (6 > 

(<) L. E. Orgel and R. S, Mulliken, J, Amer. Chem. Soc. 79, 4839 (1957). 
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analogous 1:1 type compounds.<>> Iodine monochloride forms only the 1:1 compound 
with quinoline. If iodine trichloride forms a compound in which the mole ratio of 
iodine trichloride to quinoline is greater than one, such a compound is rather unstable, 
as evidenced by the explosive nature of some of the iodine trichloride-rich mixtures. 

The most striking part of this comparison is to be found in the fact that with 
pyridine and quinoline, iodine trichloride forms compounds of the type IClj’2D, 
whereas iodine monochloride does not. A superficial consideration of spatial factors 
would lead to the conclusion that the reverse situation should be favoured. Iodine 
monochloride should offer less steric hindrance than iodine trichloride to the addition 
of two large donor groups. With regard to steric effects, several points must be 
considered, however. It should be noted that it is indeed unlikely that the iodine 
atom has a co-ordination number of five in these compounds of iodine trichloride. 
The partial or complete ionization of chlorine could lead to one of two possible 
situations which we may represent; 

D 2 IC1 2 + -Cl" [I] D 2 I + -Cl 3 - [II] 

Either of the structures represented by [I] or [II] would lessen the “crowding” about 
the iodine atom, but we should expect [II] to be favoured somewhat from this 
standpoint. The configuration D 2 1 + is well known, a fact which again would seem 
to favour [II] as more nearly correct. However, because of these very reasons, it is 
difficult to understand why iodine monochloride does not form analogous compounds 
since the configurtiaon D 2 I + would result in such cases. The absence of compounds 
of the type D 2 -IC1 seems to suggest that the configuration D 2 I + may not be correct 
for the iodine trichloride compounds. In the light of this consideration, the authors 
tend to favour [I] as more nearly correct, although definitive evidence which would 
allow a positive choice between the two possibilities is lacking. 

One last point which should be considered is that the ICI 32 C 5 H 5 N compound 
melts mcongruently and the maximum of the freezing curve corresponding to the 
ICl 3 - 2 C 9 H 7 N compound is fairly broad. Thus neither of these compounds is 
particularly stable at its melting point. 

Chemicals EXPERIMENTAL 

The preparation and purification of iodine chlorides and the purification of the amines 
have been described.<» Eastman Kodak Co. spectro-grade carbon tetra-chloride was used 
as the solvent in the spectrophotometric studies 
Spectrophotometnc studies 

A Beckman Model DB Spectrophotometer was used. The light path length of the 
glass-stoppered silica cells was 1 cm. The temperature of the cell compartment was held 
at 26 0 ± 01 °. 

Thermal studies 

Phase diagrams for the binary systems were constructed by the cooling-curve method. 
Temperature-time plots were obtained by means of an iron-constantan thermocouple in 
conjunction with an E. H. Sargent Model SR Recorder. The apparatus was calibrated 
using as standards the melting points of benzene, naphthalene, and salicylic acid. Mixtures 
of known composition were prepared by direct weighing m a stoppered, glass tube fitted 
with glass stirrer and thermocouple well. The stirrer was operated manually. At lower 
temperatures, n-heptane, and at higher temperatures, dibutylphthalate, were used to insure 
thermal equilibrium in the thermocouple well. The cold junction temperature was maintained 
at 0°. All points were determined at least twice, and the reported temperatures are believed 
to be accurate to within ±2-5°. 

Acknowledgment —We wish to express our appreciation to the Research Corporation for 
the financial support of this work. 
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COMPLEXES OF URANYL ION WITH SOME 
SIMPLE ORGANIC ACIDS 

C. A. Crutchfield, Jr.,o* W. M. McNabb and J. F. Hazel 
U niversity of Pennsylvania, Philadelphia, Pennsylvania 1 

(Received 8 May 1961 ; in revised form 9 October 1961) 

Abstract—Stepwise formation constants were determined for complexes of uranyl ion with 
lactic, j8-OH-propiomc, a-OH-butyric, and /J-QH-butyric acids. The constants were 
determined by pH titration, and some qualitative information was also obtained by polaro- 
graphy. 

The investigation by Ahrland*** of the uranyl-glycolic acid system indicated the 
formation of complexes having metal-ligand ratios of 1:1,1:2 and 1:3. It was shown 
that the ligand was the glycolate anion and not the unionized molecule. Where the 
glycolic acid-glycolate ion ratio was 4 or greater, no perceptible hydrolysis was found. 
Li, et al.W studied this and other systems by ion exchange methods and drew similar 
conclusions. Both Ahrland and Li found evidence of only mononuclear complexes 
under the conditions used. 

In a spectrophotometric study of the uranyl-lactate system, Feldman and 
co-workers* 4 ) found only a 1.1 complex up to pH = 3-5 with no evidence of poly¬ 
meric forms until the pH was increased. A subsequent study* 5 * of pH titration curves 
indicated the presence of polymeric forms up to the trimer. In this latter study, an 
equimolar (0-05 M) mixture of uranyl salt and lactic acid was used—these conditions, 
perhaps, being conducive to the formation of polymeric forms. 

In the work described here, stepwise formation constants were determined for 
complexes of uranyl ion with a group of four closely related organic acids. 

EXPERIMENTAL 

Material. The uranyl perchlorate was purchased from the G. F. Smith Chemical Co. 
and some was also prepared from uranyl nitrate by the method of Salvadori.*** The 
uranyl perchlorate solution was assayed by a lead reductor method,* 7 * and any acid impurity 
present was determined by a cation resin exchange method.<*> Carbonate-free sodium 

**> a. Abstract from a dissertation by C. A. Crutchfield, Jr., submitted in partial fulfill¬ 
ment for the degree of Ph.D. at the University of Pennsylvania, Phila., Penna., 
June (1960). 

b. This work was aided, in part, by a scholarship to C. A. Crutchfield, Jr., from the 
Edgar Fahs Smith Scholarship Fund of the University of Pennsylvania. 

c. Present address: Stanford Research Institute, Southern California Laboratories, 
South Pasadena, California. 

(2 > S. Ahrland, Acta Chem. Scand. 7, 485 (1953). 

* 3 * N. C. Li, W. M. Westfall, A. Lindenbaum, J. M. White and J. Schubert, J. Amer. 
Chem. Soc. 79, 5864 (1957). 

* 4 * I. Feldman and J. Havill, J. Amer. Chem. Soc. 76, 2114 (1954). 

* 5 * I. Feldman, J. Havill and W. Neuman, J. Amer. Chem. Soc. 76,4726 (1954). 

(6 > R. Salvadori, Chem. Z. 36, 513 (1912). 

* 7 * W. D. Cook, J. F. Hazel and W. M, McNabb, Analyt. Chem. 22, 654 (1950). 

*** H. Day, J. Gill, E. Jones and W. Marshall, Analyt. Chem. 26, 611 (1954). 
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hydroxide was prepared from saturated sodium hydroxide and was stored in and dispensed 
from an ail plastic container. The sodium hydroxide was standardized against primary 
standard potassium hydrogen phthalate, The organic acids were of C.P. grade and were 
standardized against sodium hydroxide. Carbonate free water was used in all titrations and 
polarograms. The Triton X-100, a gift from the Rohm and Haas Corp., Philadelphia, Pa., 
was used as a maximum suppressor in the polarographic work. 

Apparatus and procedure. A Leeds and Northrup pH meter, catalogue number 7664, 
was used for the pH titration. The meter was standardized against a 0 05 M potassium 
hydrogen phthalate buffer (pH = 4*01 at 31°). All titrations and pH measurements were 
made in a thermostated sample cell which had a cover fitted with inlets for electrodes, etc. 
There was also an inlet for nitrogen, which was continually passed over the solution to 
exclude atmospheric carbon dioxide. Solutions were allowed to stand, with stirring, for 
about 15 min to insure that equilibrium had been attained. 

Because of the possibility of photochemical reduction of the uranyl ion, solutions used 
in pH titrations and polarography were tested for the presence of uranous ion by titration 
with dichromate.w No reduction was detected. 

The Leeds and Northrup Electrochemograph E was used for polarographic measure¬ 
ments. It was fitted with a thermostated sample cell, and the reference electrode had an 
e.m.f. of +0 223 V against a normal hydrogen electrode. A dropping mercury electrode 
was used. 


RESULTS AND DISCUSSION 

pH and activity corrections. Because of the difficulty of obtaining activity 
coefficients for all of the ions involved, the “concentration” constants were determined 
rather than the thermodynamic constants.* 10 * The molar concentrations of all terms 
in the Calvin and Wilson equation* 111 could be easily determined from the 
stoicheiometry of the solution with the exception of the H + ion and the acid ionization 
constants of the ligands. Since the ready hydrolysis of the uranyl ion made it necessary 
to work with pH less than 3-5, it was considered unsafe to neglect activity coefficients 
for the H + ion. Therefore, it was assumed that pH meter readings expressed hydrogen 
ion activity: these values were converted to molar concentration by calculation of 
the activity coefficient from the Debye-Huckel equation Constant terms used in 
this equation were obtained from Bates’ Electrometric pH Determination * 12) 

This method of converting pH meter values to H + ion concentrations is 
admittedly not exact, but it is at least a partial correction and serves to make the H + 
ion term in the Calvin and Wilson equation more consistent with the other Jerms. 
A more elaborate treatment of this would have been futile because of the uncertainty 
of the pH measurements themselves. 

While the authors admit that modern instruments will furnish formal pH values 
to a precision of ±0-001 units, they feel that presentation of pH values of precision 
better than ±0-01 units would have been overly optimistic m view of the uncertainties 
in the complex systems examined in this work. Except for the most rigidly controlled 
studies on fairly simple systems, unknown liquid junction potentials alone will 
probably contribute an uncertainty of at least ±0-01 units.* 13 * Moreover, N.B.S. 
standard buffer solutions have a precision of only ±0-01 pH units.* 12 * 

<*> G. Rao, V. Rao and M. Rao, Analyt. Chim. Acta , 15, 97 (1956). 

***** H. Irving 5nd H. RossoTri, J. Chem. Soc. 2904 (1954). 
f <>*> M. Calvin and K. Wilson, J. Amer. Chem. Soc. 67, 2003 (1945). 

< 12 * R. Bates, Electrometric pH Determination, p. 89. J. Wiley, New York (1954). 

|| 13 > J. Lingane, Electroanalytical Chemistry (2fid Ed.), p. 74. Interscience, New York (1958). 
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In order to check this procedure, the thermodynamic ionization constants of the 
organic adds were determined. These values were used also to obtain the concentra¬ 
tion ionization constants of the acids, which were needed for the Calvin and Wilson 
equation. The thermodynamic ionization constant for lactic add was the only one 
available in the literature for 31°. The constant for monochloracetic add was 
determined as an additional check. 

Experimental values, averaged from six or .more determinations, are compared 
with literature data in Table 1. 


Tablc 1.—Thermodynamic ionization constants, 31° 


Acid 

Calculated pKa 

Literature pXa (u) 

Lacuc 

3-83 ±0 03 S.D. 

3-864 

Monochloracetic 

2 81+006 

2 875 

/?-OH-propionic 

4 5210-03 

— 

a-OH-butyric 

3-81 +0 03 

— 

jS-OH-butyric 

4 40 + 0-01 

*"— 


pH titrations. Known amounts of uranyl perchlorate, the organic acid, and 
sodium perchlorate were pipetted into the titration cell. Water was added to make 
an initial volume of 100 ml with ionic strength of about 010. This mixture was 
titrated with strong (about 1 0 N) sodium hydroxide and the pH was recorded after 
the system had reached equilibrium. 

In order to detect polymerization and mixed (i.e., hydroxy) complexes, the pH 
titrations for each acid studied were obtained for various concentrations of both 
uranyl ion and the ligand.< I5 > The total uranyl ion concentration ranged from 0 003 M 
to 0 009 M, or by a factor of two or better in each system The data obtained for 
each acid agreed with the limits of accuracy of the measurements which indicated 
that polynuclear and mixed complexes could be neglected. The stability constants 
obtained from the titration data showed no apparent trending related to the various 
metal-ligand concentrations To minimize the possibility of hydroxy-complex 
formation, no data were used in which the pH was greater than 3-5. 

Ahrland’s work <2) with the uranyl-glycolate system indicated that no polymeric 
forms were present to any appreciable extent when the glycolic acid-glycolate ion 
ratio was greater than about four. Acid-ion ratios for the systems studied in this 
work were kept above five, except for two titrations of the a-OH-butyric acid system, 
which had minimum ratios of 3 and 2-5. These, however, showed no significant 
differences from the other titrations for this system with minimum ratios of five 
and six. 

The exact behaviour of the uranyl ion on hydrolysis is still uncertain. However, 
assuming Sutton’s 06 ' value of K — l-14x I(H for the reaction: 

2 U0 2 2 + +2 H 2 0 = U 2 O s 2 + +2H + (I) 

the per cent of uranyl ion hydrolysed, even if no complexation at all occurred, would 
be about 1 -5 per cent under the most adverse conditions used in this work. It was 

U4 > B. Conway, Electrochemical Data, p. 184. Elsevier, New York (1952). 

(,5 > R. Tobias, /. Chem. Educ. 35, 592 (1958). 

( i«> J. Sutton, J. Chem. Soc., Suppl. 2, S-275 (1949). 
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considered that this small amount could safely be ignored: there was no evidence of 
polymeric or hydrolysed forms in significant amounts, and the principal complex 
species appear to be of the type U0 2 (A)J-", where the ligand A is the anion of die 
organic acid. 

The amount of ligand bound to the uranyl ion was calculated from pH titration 
data by the equation of Calvin and Wilson.* 1 *> From this, values of Bjerrum’s 
“ formation function”, n, were calculated along with corresponding values of (A), 
the ligand ion concentration.* 17 * The stability constants were then determined from 
a smoothed plot of h/( A) vs. (A) by Fronaeus’ graphical extrapolation method.* 18 * 

A condensed set of data from a typical titration for each acid is presented in 
Table 2. 


Table 2.—pH titration solutions and data 

All titrations performed under nitrogen at 31° C Lactic acid—99-84 
ml solution containing 0 00883 M U02(C10 4 )2, 0 1325 M lactic acid, 
0 01083 M HCI0 4 , 0 1000 M NaC10 4 , titrated with 0-8250 M NaOH 


NaOH 


(ml) 

pH 

n 

(A)- x 103 

m a)- 

0 302 

1 83 

0 954 

1 48 

647 

0-517 

1 -87 

0 962 

1 61 

597 

0 713 

1 91 

0-964 

1 76 

548 

1 119 

1 99 

1-022 

2-09 

488 

1 554 

2-07 

1 144 

2 48 

462 

1-994 

2-18 

1 213 

3-14 

386 

2-913 

240 

1-487 

4 98 

298 

3 877 

2-61 

1-858 

7 61 

244 

4 541 

2 75 

2 101 

9 96 

211 


/J-OH-propiomcacid—99 85 ml solution con taming0 00484 M U 02 (C 10 4 ) 2 , 
0-0557 M /l OH-propiomc acid, 0-00539 M HCIO 4 , 0 1000 M NaC10 4 , 
titrated with 1 -234 M N OH 


0 083 

2-30 

0 278 

0-421 

660 

0-168 

2-37 

0 292 

0 493 

593 

0-333 

2 52 

0-359 

0-688 

521 

0 516 

2-71 

0-481 

1-045 

460 

0 605 

2 81 

0 554 

1-30 

426 

0-681 

2 89 

0 632 

1-54 

409 

0 891 

3 10 

0-864 

2-40 

361 

1 117 

3 28 

1 154 

3 24 

335 


Because of the inaccuracy of the data at low (A) - values, a lower limit of integra¬ 
tion was chosen in all cases. Also, the erratic behaviour of the higher functions, due 
to compounding of errors, prevented in most cases the direct determination of values 
of K 2 and /sf 3 . 

<17) J. Bjfrrum, Metal Ammine Formation in Aqueous Solution. Haase, Copenhagen (1941). 
0 s * S. Fronaeus, Acta Chem. Scand. 4, 74 (1950). 
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a-OH-butyric add—99 90 ml solution containing 0 -00338 M UO j(C10 4 )2, 
0-0557 M a-OH-butyric add, 0-00539 M HC10 4 , 0-1000 M NaC10 4l 
titrated with 0-4418 M NaOH 


NaOH 


(ml) 

pH 

n 

(A)- x 103 

«/(A)" 

0-901 

2-11 

oni 

1-00 

ll 

785 

1-503 

2-22 

0-874 

1 -26 

692 

1-899 

2-31 

0-899 

1 -54 

585 

2-504 

2-48 

0-904 

2-22 

408 

2-939 

2-60 

0-988 

2-84 

348 

3-272 

2-70 

1-035 

3-48 

297 

3-743 

2-82 

1-194 

4-18 

286 

4-112 

2-93 

1-225 

5-42 

226 

4-760 

3-11 

1-238 

7-57 

164 

5-732 

3 31 

1 501 

10-42 

144 

jJ-OH-butyric acid- 

—99-85 ml solution containing 0-00528 M U 0 2 (C 10 4 ) 2 , 

0-0595 M 8- OH-butyric acid, 0 00539 M HC 10 4 , 0 1000 M NaC10 4 , 


titrated with 1 -234 M NaOH 


0 000 

2-22 

0 281 

0-494 

568 

0-151 

2-33 

0 296 

0-633 

468 

0 400 

2-56 

0-354 

1-059 

334 

0-576 

2-75 

0-434 

1 61 

327 

0-703 

2 88 

0-525 

2 13 

247 

0 851 

3-03 

0 628 

2-93 

214 

0-968 

3-12 

0 748 

3 52 

213 

1 156 

3-28 

0-861 

4 93 

175 


For these reasons, and because of the rather abrupt rise of n/(A)~ values at very 
low (A)~, the constants were also calculated by a “best fit” method. Approximate 
values for the constants were inserted into equation II, the equation for the n/( A)“ 
vs. (A) - curve. 


n K l +2K l K 2 (A)+3K l K 2 K 3 {A¥+... (II) 

(A) " i+/Ti(A)+/i: 1 ^ 2 (A)2+/: 1 A: 2 /:3(A)3+ ... 


The approximate values were then adjusted until a curve was obtained which 
fit the experimentally determined points within ±5 per cent of the n/(A) values, 
corresponding to a pH error of ±0-02 units. Space limitations prevent the presenta¬ 
tion of graphs of these data. Values for the stability constants obtained by this 
method and by graphical extrapolation are given in Table 3. The values obtained 
from the titration data listed in Table 2 are those listed first for each ligand in Table 3. 

The accuracy of the log K values is limited by that of the pXa values (±0-03) 
and by pH measurements (±0-02). Thus the values for log K\ are probably accurate 
to about ±0-1 log units. The values of log K 2 and log A" 3 are dependent on the values 
for log Ki, and since errors compound rapidly by both methods of calculation, log 




Lactic add 

3-31 214 

3-34 ‘ 2-30 

3-42 170 

3-34 1-77 

a-OH-butyric acid 
3-28 1-60 

3-26 1 96 

3-29 1-92 

3-18 1-49 


170 

1-89 

1 -77 

2 36 


3 32 
3'37 
341 
3 31 


213 
2-26 
245 
2-04 


I'M 

1- 98 

2 - 26 
1-70 


3'32 
3 29 
3 29 
3-26 


1*78 
1 *81 
1-85 
148 


/?-OH-propionic add 
2-90 — 

2-98 — 

2-86 — 

2-96 — 


2-74 

218 

2-00 

2-74 

218 

208 

2-70 

2 08 

200 

276 

218 

2 08 


jff-OH-butync acid 
2-71 1-23 

2-73 1-23 

2-83 — 

2 62 1 18 


2 70 1-40 

2-71 1 40 

2 78 1-40 

2 61 1-30 


Ki should be accurate only to ±0-3 units, and log K 2 to ±1 unit (that is, log Kt, 
values should be considered as indicating only the order of magnitude). 

Average values for each system, calculated from the curve fitting method are 
presented in Table 4. 


Table 4.—Averaged stability constants 



log A, 

log A: 

log Aj 

P*. 

Lactic acid 

3-36+005 

2-2+0-3 

2±1 

3-83 ±0-03 

a-OH-butyric acid 

3 29 

1-7 

0 « 1 ) 

3-81 

/?-OH-propionic acid 

2-74 

2-2 

2 

4-52 

(5-OH-butyric acid 

2-70 

14 

0 « 1 ) 

442 


For both a- and (5-hydroxy butyric acids, no third complex was detected. In 
both cases it was possible to construct a curve to fit the experimental data by assuming 
the presence of the species MA aqd MA 2 only. Also, the plot of the function from 
which K 2 was calculated was a straight line with a zero slope. <I7> If any third complex, 
MAi, is formed in these systems, log K 2 must be less than one, else it would have 
been detected. 



V'v 

Polarography. The solutions used for polarography were similar to those used <1 
in the pH titrations except for the addition of 0-01 per cent of maximum suppressor : y, 
and the use of a much smaller uranyl ion concentration (about 0-001 M). No 
quantitative information could be obtained by polarography due to the irreversibility j 
of the U(V)-U(IV) reduction. ,, , 

The polarographic results for the two a-hydroxy acids were quite similar (see 
Table 6). The U(VI)-U(V) waves were symmetrical and plots of E d ^ vs. tog 
[* 7 ( 4 - 0 ]were good straight lines with slopes close to that expected for a one-electron 
reduction. This linearity indicated that no dimeric forms were present in detectable 
amounts.< 19 > Where the pH was above about 4-2 in these systems, a slight degree 
of irreversibility appeared for both acids. This was indicated by increasing deviation 
from the theoretical slope and the appearance of some curvature as the current 
approached the limiting value. This irreversibility of U(VI) reduction at high pH 
values has been reported by others, and has been ascribed to the formation of some 
hydrolysed form of the uranyl ion. <20 - 21) If hydrolysis is the true explanation of this 
irreversibility, then the least stable complex should show the greatest effect as it 
would be less effective in shielding the uranyl ion from attack by hydroxyl ion, etc. 

The E i values became more negative as the acid anion concentration increased, 
indicating that the ligand was the ion of the acid and not the unionized molecule. 
When the E i values were plotted against log(A) values, a fairly straight line was 
formed with a slope close to the theoretical value for a one-electron reduction with 
the loss of one ligand. Data for solutions of different total organic acid concentration 
were coincident within experimental error. 

The polarograms of the two /5-hydroxy acids were less satisfactory. The plots 
of £ d , versus log [//(/ d -i)] were linear at low pH, but they showed very definite 
irreversibility at about pH 3-5 and above. This was more pronounced for systems 
with low organic acid concentration. Where the slopes of these plots could be 
determined, they were close to the theoretical value for a one-electron reduction. 

<I9) G. Booman and W. Holbrook, Analyt Chem. 31, 10 (1959). 

(20) E. Breda, L. Meites, T. Reddy and P. West, Analyt. Chim. Acta, 14, 390 (1956), 

(il) P. Subbaraman, N. Joshi and J. Gupta, Analyt. Chim. Acta, 20, 89 (1959). 
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This is in agreement with the pH titration results, especially since the 0-OH-butyric 
acid polarograms showed more irreversibility than did those for /5-OH-propionic acid. 

Table 6.—Polarographic results, slope in (—) volts 


Acid 

£d. e . vs. log UKU-Ol 

Ei vs. log (A) 

Lactic 

0 068-0 056 

0-054 

a-OH-butync 

0 068-0-055 

0-056 

/?-OH-propionic 

0-069-0 055 

0-076 

jB-OH-butyric 

0-083-0-068 

0-111 

Theoretical (31°) 

0 0603* 

0-0603t 

0-1206+ 


* m+"+,;= m + "-i 

tM(A)„i-" + e= M ( A) 2 -1 + A ~ 
t M(AV'"+j -= M(A^S + >+2A- 

Plots of Ex versus log (A) indicated that the ligand was the anion of the organic 
acid. The slope of this data for the j?-OH-propionic system was slightly greater than 
that expected for a one-electron reduction with loss of one ligand, and showed a very 
slight curvature in the direction of increasing slope as log (A) was increased by 
increasing the pH. The same data for /3-OH-butync acid showed definite curvature 
and the “average” slope was only slightly less than the expected value for a one- 
electron reduction with the loss of two ligands. This deviation from the expected 
E i vs log(A) data is very probably caused by irreversibility, which would have the 
effect of increasing the apparent E i shift. This irreversibility is in turn caused by the 
lower stability of the complexes formed by the /7-hydroxy acids 

CONCLUSIONS 

In the case of the two a-hydroxy acids, the first ligand attaching may be a chelate 
Evidence for this is the larger value of log Ki for these two acids as compared with 
the log K) values for the two / 1 -hydroxy acids, even though the latter are weaker 
acids. (22) This is probably due to the greater stability of the five-membered chelate 
rings which would be formed by the a-hydroxy acids as opposed to the six-membered 
rings which would be formed by the ^-hydroxy acids. (23 > 

Rather definite evidence was found for the formation of a third complex, MA 3 , 
for both a- and /?-OH-propiomc acids but not for either of the hydroxy-butyric acids. 
This difference is perhaps due to steric hindrance by the larger hydroxy-butyrate 
ions, (24) The examination of molecular models gave some indication of steric 
hindrance, but not enough for definite conclusions to be drawn. It should not be 
concluded that the third complex does not exist for these acids, but it is more probable 
that their stability constants are too small to be detected by the methods and condi¬ 
tions used 

{11) R- Cannan and A. Kilbrick, J. Amer. Ckem. Soe. 60, 2314 (1938). 

1231 G. Schwarzenbach, Analyt. Chem. 32, 6 (1960) 

(24) H. Irving and H. Rossotti, J. Chem. Soc 2910 (1954). 
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DICHLORO- AND SILOXYGERMANIUM 
PHTHALOCYANINES* 

R. D. Joyner, R. G. Linck, J. N. Esppsrro and M. E. Kenney 
Department of Chemistry, Case Institute of Technology, Cleveland, Ohio 

(Received 21 August 1961) 

Abstract—Two syntheses of dichlorogermanium phthalocyanine are given, one of which 
is especially advantageous. In addition several siloxy germanium phthalocyanines are 
described. The properties of one member of this group suggest that it is polymeric. 

Recently it has been reported that dichlorogermanium phthalocyanine is produced 
when phthalonitrile and GeCl 4 are reacted together in refluxing quinoline. (1) Further 
work has uncovered two additional methods for the synthesis of dichlorogermanium 
phthalocyanine. One method depends on the reaction of o-cyanobenzamide with 
GeCl 4 in refluxing 1-chloronaphthalene and the other on the reaction occurring 
between phthalocyanine and GeCl 4 in refluxing quinoline. The second of these 
two methods appears to be especially advantageous in terms of yield, convenience 
and purity of product. 

In the same paper which reported dichlorogermanium phthalocyanine, bis- 
(triphenylsiloxy)-germanium phthalocyanine also was reported. Related compounds 
contaimng siloxy groups of the type -0Si(Ph) 2 0- in place of the OSi(Ph) 3 groups 
have now been prepared. As expected these new compounds show properties 
markedly influenced by the specific nature of the siloxy groups. 

EXPERIMENTAL 

Dichlorogermanium phthalocyanine 

o-Cyanobenzamide method. To 10 g (0'07 mole) of o-cyanobenzamide m 100 ml of 
1-chloronaphthalene, 2-4 ml (0 021 mole) of germanium tetrachloride was added. This 
was heated slowly to 180° (H hr) and held at this temperature for 2 hr The mixture was 
then slowly heated to reflux (1 hr) and held at this temperature for 2 hr. After cooling, the 
reaction mixture was filtered and the crystalline product obtained was washed with acetone, 
water and dimethylformamide and dried. The crystals were identified by their infra-red 
spectrum .* 21 Yield 2-5 g (0 0038 mole). 

Metal-free phthalocyanine method. A mixture of 2 -6 g (0 0051 mole) of phthalocyanine, 
0-60 ml (0 0052 mole) of GeCL and 30 ml of technical quinoline was heated to reflux in 
10 min. and held at this temperature for 110 mm. The crystalline product was separated 

* This work was partially supported by the Research Corporation and by the National 
Science Foundation. Further support was obtained from the United States Air Force 
through the Air Force Office of Scientific Research of the Air Research and Development 
Command, under Contract No. AF 49 (638)-773. Reproduction in whole or in part is 
permitted for any purpose of the United States Government. 

(1) R. D. Joyner and M. E. Kenney, J. Amer. Chem. Soc. 82, 5790 (1960). Phthalonitrile 
is incorrectly given as phthalocyanine m this synthesis. 

(2) R. D. Joyner, Ph.D. Thesis, University Microfilms 61-3317. 
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from the hot reaction mixture by filtration and washed with quinoline, benzene and acetone. 
An infra-red spectrum of it showed that the conversion of the phthalocyanine was essentially 
complete. Yield 2-7 g (0-0041 mole). The use of synthetic quinoline did not affect the 
product or change the yield materially, but the use of an increased ratio of GeCl 4 gave a 
product containing green impurities. 

Siloxygermanium phthalocyanines 

Bis-idiphenylhydroxysiloxy)-germanium phthalocyanine bisdioxanate. A mixture of 30 g 
(0-048 mole) of powdered dihydroxygermanium phthalocyanine, 30 g (0-14 mole) of 
diphenylsilanexdiol and 400 ml of benzene was refluxed for 3i hr. The resultant mixture 
yielded when filtered a crystalline reaction product. A 3 g portion of this was dissolved in 
30 ml of refluxing dioxane. The resultant solution after being filtered and cooled yielded 
1 -4 g of thin platelets which were greenish-blue by transmitted light and reddish by reflected 
light. These were filtered off and vacuum dried at 50°C. A portion of these was then 
crushed and further vacuum dried at room temperature, Found: C, 64-74; H, 4-98; 
N, 9-58. Calc: for C^HasNsGeSiiOt^HgOj: C, 64-49; H, 4 57; N, 9-40%. 

Both 1 • 2 and 1 ■ 6 hydroxide-diol mole ratio mixtures yielded reaction products 
which were the same as those obtained with the 1 : 3 mole ratio mixture but a 1 :1 mixture 
gave some unreacted hydroxide and no crystalline siloxide. The highest percentage yield 
was obtained with the 1 2 mixture. 

Bis-(diphenylhydroxysiloxy)-germanium phthalocyanine The unsolvated diphenyl- 
hydroxysiloxide was obtained from the product solvated with dioxane by vacuum drying it 
at 80“ for 6 hr Found. C, 66 01 and 66 04; H, 3 89 and 3-94; N, 11-50 Calc, for 
C 54 H 38 N,GeSi20 4 . C, 66-22; H, 3 77; N, 11 03% 

The infra-red spectrum of this compound (Table 1) matched with the spectra of the 
1 : 6, 1 . 3 and 1 :2 hydroxide-diol reaction products and showed that they were the un¬ 
solvated diphenylhydroxysiloxide. When the compound was treated with L 1 AIH 4 in butyl 
ether no hydrogen was evolved 

Samples of the diphenylhydroxysiloxide were also crystallized from dimethylformamide 
and pyridine but the crystals obtained m both cases broke upon washing with acetone. 
The product obtained from dimethylformamide showed a 10% weight loss on vacuum 
drying at room temperature. The solubility of the diphenylhydroxysiloxide m these two 
solvents when hot was approximately lg/10 ml 

Bis-ldiphenylbenzyloxysdoxyYgermanium phthalocyanine. A 0 5 g (0 0005 mole) sample 
of the diphenylhydroxysiloxide was placed in 25 ml (0 24 mole) of benzyl alcohol and the 
mixture heated to reflux. The resultant solution yielded on cooling 280 mg of the 
diphenylbenzyloxysiloxide, a blue-green compound by transmitted light. The infra-red 
spectrum of this compound (Table 1) showed several important differences when compared 
with the diphenylhydroxysiloxide. Found: C, 70 76; H, 4-50, N, 9 08. Calc: for CtoHsoNs 
GeSi 2 0 4 : C, 70 30; H, 4 21 ; N, 9 37%. 

Thermal decomposition of the diphenylhydroxysiloxide. A sample of the crude 
diphenylhydroxysiloxide was immersed in a heating bath at 385° while under vacuum. 
Gas was evolved and a blue-green product (by transmitted light) was obtained which was 
non-volatile and insoluble in dioxane. It gave an infra-red spectrum (Table 1) which was 
related to that of the diphenylhydroxysiloxide in the 700-1150 cm -1 region but which lacked 
an absorption band in the 3500 cm -1 region. These observations suggested that a polyger- 
manosiloxane had been formed. 

DISCUSSION 

The basic, conclusion? concerning the nature of these germanophthalocyanmo- 
siloxanes rest principally on the synthetic methods used to obtain them and on the 
results of their elemental analyses. However, a consideration of some of the other 
data available provides support for these conclusions and further amplifies them. 



m 


Dichldro- and stioxygerm&aium phthalocyanines 

v t 

' in the case of the diphenylhydroxysiloxide, its formulation as a silanol is safe* 
stantiated by its solubility in solvents generally' good for polar materials, by its 
solvation with dioxane and apparently also with dimethylformamide and pyridine, 
and by its facile reaction with benzyl alcohol. In addition, the fact that it shows 
infra-red absorptions in the 830-900 cm* 1 region and at 3545 cm* 1 is in accord with 
such a structure. < 3 > 

The short wave length of the 3545 cm* 1 OH'band compared to the ,OH band in 
diphenylsilandiol (3238 cm* 1 in a Nujol mull) may indicate a reduction in hydrogen 
bonding. If this is the case it is not surprising in view of the steric requirements 
of the molecule as a whole. 

The infra-red spectrum of the diphenylhydroxysiloxide also shows prominent 
bands in the 700 to 1150 cm* 1 region at 702, 734, 760, 905, 1091 and 1126 cm* 1 
(Table 1). An examination of the spectra of the germanium phthalocyanines previ¬ 
ously reported (1) shows that bands in positions similar to all but the first of these are 


Table 1—Prominent infra-red bands* 


PeGe[OSi(OHXPh ) 2 ]2 

PcGe[OSi(OCH 2 PhXPh 2 ] 2 

(PcGe(0Si(Ph) 2 0) 2 ] 1 , 

(KBr) 

(Nujol) 

(Nujol) 

Common Bands 

702 

700 

705 

734 

729 . 

730 

760 

759 

760 

905 

903 

906 

1091 

1089 

1093 

1126 

1125 

1125 

Characteristic Bands 

783 

717 

1000 

830 

777 


866 

838 


999 

998 


1016 

1018 


1038 

1035 



1069 



* Reproductions of these spectra are available in reference (2) 


characteristic of germanium phthalocyanines. (Silicon , 141 aluminum <5) and other <® 
phthalocyanines also have similar spectral absorptions.) The 702 cm * 1 band in the 
diphenylhydroxysiloxide is undoubtedly due to the presence of phenyl rings. 

Although the spectra of analogous silicon and germanium phthalocyanines are 
usually very similar,< 4) the sharp band common to them near 900 cm * 1 can be used to 

(3) L. J. Bellamy, The Infra-red Spectra of Complex Molecules (2nd Ed.) p. 341. 

J. Wiley, New York (1958); A. L. Smith, Spectrochim. Acta. 16, 102 (1960). 

(4) R. D. Joyner, J. Cekada, Jr., R. G. Linck and M. E. Kenney, J. Inorg. Nucl. Chem. 15 , 

387 (1960). > 

(5) J. E. Owen and M. E. Kenney, Abstracts of 138 th National Meeting of the American 
Chemical Society, New York (I960). 

<4) A. N. Sidorov and I. P. Kotlyar, Opt. i Spektr. 11, 175 (1961); Optics and Spectroscopy 
11, 92 (1961). 
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distinguish between the two types. In the cases examined so far the germanium 
compounds absorb in the 900-906 cm -1 region and the analogous silicon compounds 
in a similar narrow region about 10 cnr 1 higher. 

The spectrum of the diphenylhydroxysiloxide solvated with dioxane is very similar 
to that of the unsolvated diphenylhydroxysiloxide except for the presence of a band 
at 1260 cnr 1 , a band assignable to the ether oxygen of the dioxane. 

The fact that the diphenylhydroxysiloxide forms in high yields shows that under 
the conditions chosen, the condensation reaction between the OH groups attached 
to Si and Ge atoms is easier than that between pairs of silanol groups and pairs of 
GeOH groups. While this result may be due partly to steric and solubility factors 
the mildness of the conditions required suggests that other factors are also important 
Perhaps the GeOH groups are relatively basic compared to the SiOH groups and an 
acid-base reaction which splits out water therefore takes place easily. 

With regard to structure it may be concluded that the siloxy groups attached to 
the germanium atoms must be trans to each other because the bulk of the groups 
precludes a as arrangement unless the unlikely assumption is made that the Ge atoms 
are very far out of the plane of the phthalocyanme rings. This same trans arrange¬ 
ment can be assumed for the remaining germanium phthalocyanines because in all 
cases similar considerations argue for it 

The infra-red spectrum of the diphenylbenzyloxysiloxide shows bands which 
are characteristic of a metal phthalocyanine (729, 759, 1089, 1125 era-'), of a ger¬ 
manium phthalocyanme (903 cm-!) and of phenyl rings (700 cnr 1 ), but shows no 
bands in the 3500 cnr 1 OH region and only one prominent band in the 830-900 
cm-* SiOH region All these observations are consistent with the structure assigned 
to the compound on the basis of synthetic and analytical data. The bands at 998, 
1018 and 1035 cnr 1 are positioned very similarly to analogous bands in the spectrum 
of the diphenylhydroxysiloxide (999, 1016 and 1038 cm- 1 ) and the triphenylsiloxide 
(997, 1012 and 1034 cm- 1 ) thus suggesting a common origin. It may be that these 
bands are associated with the GeOSi grouping since other similar groups show 
absorptions in this region. <7 > The backbone of this compound is unusual in that it 
contains C, Si and Ge linked together with oxygen in order of increasing atomic 
number, i.e., COSiOGeOSiOC 

The postulated formation of a polygermanosiloxane by the thermal decomposition 
of the diphenylhydroxysiloxide is supported by several pieces of data. Among these 
are the nonvolatility of the product and its insolubility in dioxane Similarly m 
accord with this hypothesis is the fact that its preparation is accompanied by the 
release of gas. The presence of bands m its infra-red spectrum at positions which 
are characteristic of phthalocyaninogermanium groups and of a band at 1000 cm- 1 which 
can be assigned to siloxy groups (and perhaps to GeOSi groups as well) also point to 
a polygermanosiloxane. As expected on the basis of the structure postulated for 
the polymer, no bands are visible in the OH region around 3500 cm* 1 . The backbone 
of the polymer, (GeOSiOSiO) n , and the fact that the polymer can be considered to be 
formed from relatively long siloxy units bridging phthalocyaninogermanium units 
combine to make it unique, 

< T) L. J. Bellamy, The Infra-red Spectra of Complex Molecules (2nd Ed.) p. 340. J. Wiley. 
Naw York (1958). 
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ON THE URANATES OF AMMONIUM—I 

THE TERNARY SYSTEM NH3-UO3-H2O 

E. H. P. CORDFUNKE " 

Reactor Centre of the Netherlands (R.C.N.), Petten 
(Received 18 October 1961 ) 

Abstract —The ternarysystemNH3-U03-H20 has been studied in aqueous solutions. From 
chemical and X-ray analysis four compounds, having the bruto-formulae: 


U 0 3 -2 H 2 0 

(D 

3 UO3 NH3 5 H2O 

(II) 

2 UO3 NH3 3 H2O 

(HI) 

3 UO3 2NH34H2O 

av) 


were found to exist m this system at 40° C. The stability of these phases is discussed. 

The reaction of a solution of uranylmtrate with ammonia has also been studied. The 
precipitates thus formed could be identified as I (pH = 3-5), II (pH = 4-7) and III (pH > 7). 
However, they cannot be isolated in a pure form, owing to the presence of nitrate, which 
cannot be removed completely by washing with water. 

A minimum of reliable information is available on the composition and properties 
of the uranates, precipitated from aqueous solutions. 

Addition of ammonia to a solution of uranylmtrate yields a product that originally 
was believed to be ammoniumdiuranate: (NH^l^CV* For instance Tridot* 1 * 
found some evidence for its formation. 

On the contrary, recent investigations* 2 - 3 - 4) have shown the complex nature of 
this precipitate. These studies give sufficient evidence that (NH 4 )2U 2 0 7 cannot be 
obtained from aqueous solutions, even in the presence of a large excess of ammonia. 
Several compositions, including hydrated poly uranates, (4 > are reported as a result of 
various methods of investigation. 

However, little or no attention has been given to conditions of equilibrium and 
to the possibility of hydrolysis of the precipitates by washing with water. On this 
latter fact Ewing c.s. (5) have drawn the attention. Consequently most analyses 
must have failed to give a correct view of the compositions. It was therefore con¬ 
sidered worthwhile to make a systematic study of the uranates of ammonium, com¬ 
bined with extensive X-ray work.* 6 * In this paper the results of these investigations, 
especially on the ternary system NH 3 -UO 3 -H 2 O (at 40° C), will be presented. 

EXPERIMENTAL 

Samples, containing UO 3 , water and ammonia were equilibrated at 40° C. 

As starting material the amorphous form of UO 3 was chosen, because of its high 
reactivity. This UO 3 can be prepared easily from UO 4 2 H 2 O by heating in air at 450-500° C.* 7) 

•In the technical literature generally indicated as ADU. 

(U G. Tridot, Ann. Chim. 358, 12e S6rie (5), (1950). 

< 2 > A. M. Deane, AERE/R-3411 (1960). 

* 3 > F. J. Armson, H E. Dibben and H. Mason, S.C.S.-R-30 (1959). 

(4) K. J. Notz e.o. T.I.D., report 6228. 

l5 > R. A. Ewing e.o. Report BMI-1115 (1956). 

<6) To be published separately by P. C. Debets and B. O. Loopstra in this journal 
,7 > E. H. P. Cordfunke, /. Inorg. Nucl. Chem. 23, 285 (1961). 
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Pure UOj (99'9 per cent) was weighed into screw-c*p bottles of 100 ml in fixed quantities 
of 2*86 g (0*01 mole). After placing measured volumes of water and ammonia of various 
concentrations into the bottles, they were closed and sealed with paraffine-wax. These 
bottles were continuously shaken in a thermostat at 40 ±1° C for various periods of time 
(1-4 weeks). 

After that, the solids were filtered off, washed with waterfree acetone until free of 
ainmnniiim ions and dried in air and finally over concentrated H2SO4; it was checked 
that the products do not change composition by this treatment. 

Most of the samples, thus obtained, were examined by X-ray diffraction, using a 
Phili ps diffractometer with a recorder. The different phases detected, are labelled as I, II 
and so on, merely as a matter of convenience. 

The uranium content of the solids was determined by the weight change on ignition of 
the samples in air at 750-800° C, the compounds being converted to UjOg. 

The ammonia content was analysed by means of a semi-micro technique, according 
to Conway.< 8 > By this method small amounts of ammonia can be determined accurately. 
The water content of the solids was obtained by difference. 

The most relevant experimental data are presented in Table 1. 


Table 1. —Experimental data of the ternary system NH 3 -UO 3 -H 2 O (40° C) 


Initial solution 
NHj (molar ratio) 
UOj (±1%) 

Solid phase 

NH 3 (molar ratio) 
UO 3 (±1-5%) 

By X-ray 

0 000 

0000 

I 

0 062 

0 058 


0110 

0-108 


0 166 

0-162 

I (+ID 

0 218 

0 216 


0-321 

0 319 


0-323 

0-320 

H (+1) 

0-326 

0-322 


0-333 

0-333 

II 

0 335 

0-333 


0 346 

0 333 


0-382 

0 355 

II (+III) 

0-383 

0-350 


0-394 

0-376 


0 414 

0-379 


0-422 

0-378 


0 468 

0 432 

III ( + 11) 

0-514 

0-474 


0-730 

0-508 

III 

0-770 

0-493 


0-829 

0-504 


0-834 

0-515 

ni(+iv ?) 

0-834 

0-512 


1-511 

0-539 

Ill ( + IV) 

4-64 

0-587 


7-73 

0-636 


33-25 

0-653 

IV 

800 

0-660 

• • 


(8) E. J. Conway, Microdiffusion analysis and volumetric error. London (1950). 




DISCUSSION 

The experimental results show that there are four solid phases in the area of the 
system NH 3 -UO 3 -H 2 O studied, each of them having a different X-ray diffraction 
pattern^ (Table 1). 

The compound I was identified by chemical and X-ray analysis* 9 ) as the well 
known hydrate UOr2H 2 0. This hydrate is rapidly formed by the action of water 
on amorphous UO3. 1 

The average composition of the pure uranates II, III and IV, is given in Table 2. 
It was shown experimentally that the compounds are stable when dried over con¬ 
centrated H 2 SO 4 , the molar ratio HN3/UO3 being constant with time (Fig. 1 and 2). 


Tablb 2.—The composition of the compounds in the ternary system 
NH3-UO3-H2O ( 40 ° Q 



Composition 



Wt% UO 3 

wt%NH 3 


Type 

(±0-5%) 

(±17.) 

Bruto-formula 

I 

88-9 

_ 

UO 32 H 2 O 

II 

88-9 

175 

3U0 3 NH 3 -5H 2 0 

III 

89-2 

2-65 

2UOj NH 3 -3H 2 0 

IV 

88 8 

3 38 

3U0j-2NH3-4H 2 0 


The uranates II, III and IV are closely related to U0 3 -2H 2 0: the number of 
moles NH 3 and H 2 0 per mole of U0 3 is 2 in all cases. This is in agreement with 
structural data, obtained from the X-ray analysis. (6) 



Fig. 1.—Compound IV. 



.£ 

o 

£ 

t 


o 


Fig. 2.—Compound III. 


—NH 3 /U0 3 -ratio over cone. H 2 SO 4 . 


The compounds III and IV are hygroscopic: upon prolonged standing in air, 
saturated with water vapour, they can attract considerable amounts of water. An 
illustration of this phenomenon is given for product IV in Fig. 1, from which can be 
seen that IV can take up approximately 4 moles of water per mole of UO 3 over the 
theoretical amount (HjO/UOj = 1-33; Table 2). The behaviour of compound III is 
quite analogous (Fig. 2). 

(9> J. K. Dawson e.o, /. Chem. Soc. 3531 (1956). 
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It is interesting to note that both III and IV are not only hygroscopic, but also 
unstable in contact with water vapour (e.g. moist air), since it was found that the 
molar ratio NH 3 /UO 3 of these compounds gradually decreases with time. In Fig. 1 
this is illustrated for the compound IV. Apparently the NH 3 U0 3 -ratio approaches 
asymptotically a value, approximately corresponding with that of III. However, 
the NH 3 /U0 3 -ratio of a pure III also decreases in contact with moist air (Fig, 2). 
The phenomenon must be due to an exchange of part of the NH 3 in the lattice for 
water. 

The excess of water, taken up by IV can easily be removed by pumping off. The 
substance so obtained is probably mainly III. Bringing this phase in contact with 
moist air results in a further decrease of the NH 3 /UC> 3 -ratio. This can be repeated 
until finally the composition of II is reached. 

The behaviour of compound II is quite different. Freshly prepared II may 
contain much water in excess, Upon standing in air, it begins to shrink gradually, 
water being expelled: the molar ratio NH 3 /UO 3 , however, remains constant. This 
was observed on several II-preparations of which an example is given in Table 3. 


Table 3 —The composition of compound u 



II 

Same precipitate 
after 2\ month 

Theor. composition 

Molar ratio 

freshly prepared 

in air 

(Table 2) 

NH 3 /UO 3 

033 

0 33 

0-33 

HjO/UCh 

4 87 

1 83 

1 67 


It must be concluded therefore that towards moist air, compound II is the only 
stable one of the three uranates found in the ternary system NH 3 -UO 3 H 2 O. 

The reaction between a solution of uranylmtrate and ammonia has been studied 
by several authors, as already mentioned. Owing to the contradictory results we have 
investigated this reaction, using the information obtained from the ternary system 

nh 3 -uo 3 -h 2 o. 



Fio. 3.—pH-curve, obtained on addition of ammonia to U 0 2 (N 0 j) 2 . 
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We have studied this precipitation at various concentrations of uranylnitrate and 
ammonia in the same way by allowing the products to attain the equilibrium in a 
thermostat at 40° C. Some results are given in Fig. 3, in which the pH of the saturated 
solution is plotted against the molar ratio NH 3 /UO 3 of the initial solution. 

In Fig. 3 the pronounced effect of the waiting time on pH during the precipitation 
(pH < 5) is illustrated. The pH after equilibration is obviously lower than can be 
obtained by direct titration (dotted line): this lias not been generally recognized.* 10 * 
An explanation of this phenomenon can possibly be found in a slow transformation 
via complex uranyl ions (e.g. U 2 0s 2+ , Uj 08 2+ etc., according to Sutton* 11 *) into 
solid uranates of a different composition.* 

The precipitation, starting at pH = 3-5 is completed at pH = 4. For a complete 
precipitation ~ 2-3 moles of NH 4 OH per mole of U0 2 (N0 3 ) 2 are required (ammonia 
for neutralization of the small amounts of free acid not included); X-ray analysis 
revealed that this precipitate is of type II, whereas at pH = 3-5 (incomplete precipita¬ 
tion) product I is precipitated. It is evident that the quantity of ammonia, required 
for complete precipitation of II, corresponding with a bruto-ratio NH 3 /UO 3 = 2-3, 
is in agreement with the composition found for product II in the ternary system. 
Above pH = 7 this precipitate is gradually converted into a mixture of the solids 
II and III, as revealed by X-ray analysis. 

The analytical data of the precipitates appeared to be more difficult to interpret, 
owing to the fact that in all cases appreciable, but not reproducible amounts of 
N0 3 - -ions are strongly retained. Most of these N 03 ~-ions can be removed by 
washing the precipitates with water, but this results at the same time in a rapid 
conversion of III into II, as already noted. Notwithstanding thorough washing, it 
appeared to be impossible to remove nitrate completely. 

We must conclude therefore that the results obtained from a study of the reaction 
of a solution of U0 2 (N0 3 ) 2 with ammonia do not give a true picture of the uranates of 
ammonium. This must be the reason for the contradictory results, described in the 
literature. 
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interest m this work, and Dr. B. O. Loopstra for many valuable discussions. 
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*The nature of these slow transformations has been studied extensively by M. E. A. 
Heomans et ah (KEMA, Arnhem, Netherlands) as part of their work on the ADU-like 
precipitates, which provided the stimulus for the present investigation. The work of Mr. 
Heomans will be published as a thesis: Delft Technical University. 

(10 > J. Maly and V. Vesely, J. Inorg. Nucl. Chem. 7, 119 (1958). 

(u) J. Sutton, J. Chem. Soc. S 275 (1949). 
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Abstract—Previous accounts of the chemical properties of molybdenum hexafluoride are 
restricted to comments on the ease of hydrolysis of the compound and to a few very simple 
observations on its reactions with a short series of unrelated substances. This paper describes 
a systematic study of the chemical reactions of the hexafluoride with the lower fluondes of 
some elements of Groups V and VI and with Group V trichlorides. 

Some new techniques for studying the reactions of volatile fluorides and for fractiona¬ 
tion of the products within the reaction system are described. 

The preparation of molybdenum hexafluoride was first reported by Ruff and Eisner,® 
who used platinum apparatus for the reaction. With the limited experimental 
procedures then available, they were not able to provide any worthwhile account of 
the chemical reactivity of the hexafluoride, apart from a comment on the ease of 
hydrolysis and some very simple observations on its apparent reaction with a few 
unrelated compounds. Some physical properties of the hexafluoride were studied 
by Ruff and Ascher* 2 ' and very recently Cady and Hargreaves® have measured 
vapour pressures and related properties. Spectroscopic studies, such as those of 
Gaunt< 4) have been carried out for structure determination. Brady and co-workers< 5) 
have provided thermodynamic data for this and other volatile fluorides. 

Recent Russian work® provides the most detailed account of the hydrolysis of 
molybdenum hexafluoride and the formation of oxyfluorides. The ready hydrolysis 
of the volatile fluorides of the metallic elements accounts for the slow progress in the 
study of the reactions of these compounds because of the difficulty of handling them 
in glass apparatus. Etching reactions lead to complete hydrolysis of the compounds. 
Techniques employing glass vacuum systems based on packless all-metal valves, and 
in which the glass was carefully dried by evacuation and flaming, were developed 
specifically for the handling and characterization of molybdenum hexafluoride.® 
Most of the published work on the higher fluondes of the metallic elements, such 
as that on the hexafluorides of osmium,< 8 > platinum* 9 ' and the transuranic elements,< 10 ' 
has been concerned primarily with identification and with physical properties. 

*" O. Ruff and F Eisner, Z. Anorg. Chem. 52, 256 (1907). 

(2) O. Ruff and E. Ascher, Z. Anorg. Chem. 196, 413 (1931). 

,3 > G. H. Cady and G. B. Hargreaves, J. Chem. Soc. 1563 (1961). 

,4) J. Gaunt, Trans. Faraday Soc. 49, 1122 (1953). 

<5 > a. A. P. Brady, O. E. Myers and J. K- Clauss, J. Phys. Chem. 64 , 588 (I960). 

b. O. E. Myers and A. P. Brady, J. Phys. Chem. 64, 591 (1960). 

* 4 ' N. S. Nikolaev and A. A. Opalovsku, Russian J. Inorg. Chem. (Eng.trans.),5,532(I959). 
(» T. A. O’Donnell, J. Chem. Soc. 4681 (1956). 

(8) B. Weinstock and J. G. Malm, J. Amer. Chem. Soc. 80, 4466 (1958). 

(9 > B. Weinstock, H. H. Claassen and J. G. Malm, J. Amer. Chem. Soc. 79, 5832 (1957). 
do) b, Weinstock and J. G. Malm, /. Inorg. Nucl. Chem. 11, 104 (1959). 
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Fischer and Rudzitis (11) have shown that bismuth pentafluoride is a very vigorous 
fluorinating agent converting sulphur and iodine to fluorides rapidly at room 
temperature. However, there is little published work on the chemical reactions of 
the higher fluorides to form a basis for discussion of the reactions of molybdenum 
hexafluoride. This difficulty is illustrated by recent observations* 12 * that tungsten 
hexafluoride, which might be expected to be almost identical with the molybdenum 
compound, differs markedly in its chemical reactivity. 

Early observations of the reactions of molybdenum hexafluoride with carbon 
disulphide and phosphorus pentachloride indicated vigorous reactivity, although it 
was subsequently shown that iodine dissolved readily without change in molybdenum 
hexafluoride and that sulphur was also unaffected. It was then decided to study the 
ability of molybdenum hexafluoride to oxidize the lower fluorides of some non-metals 
to higher fluorides and surprisingly small reactivity was observed. The present 
investigation was then completed by a study of the reactions between the hexafluoride 
and trichlorides of some Group V elements. In these cases reactions occurred which 
could be related to those of the corresponding trifluorides and to the known chemistry 
of the halides of the Group V elements concerned. 

EXPERIMENTAL 

Preparation of reagents 

Molybdenum hexafluoride was prepared by direct fluorination of the metal in a copper 
reactor and collected m a glass trap containing sodium fluoride and cooled to —78° C. It 
was then purified by distillation in a glass system Hydrolysis was prevented by using the 
rigorous precautions previously reported.*?) The sample was stored in a carefully dried 
glass-trap fitted with a metal valve 

Phosphorus trifluoride was prepared by a method which was essentially that of Chatt 
and Williams ,* 131 phosphorus trichloride being added to an excess of antimony trifluoride. 
The product was fractionated to remove phosphorus trichloride. Reaction of a stoicheio- 
metric mixture of arsemous oxide and calcium fluoride with excess concentrated sulphuric 
acid produced arsemous trifluoride. Commercial laboratory reagent grade antimony 
trifluoride was sublimed at 180° C and 10 -3 mm pressure. Bismuth trifluoride was prepared 
by condensing anhydrous hydrogen fluoride on to bismuth hydroxide in a polyethylene 
container, which was then sealed for 15 hr. Water and excess hydrogen fluoride were 
removed subsequently by evaporation 

Sulphur tetrafluoride was obtained commercially in a cylinder and purified by shaking 
with mercury and by fractionation. Direct fluorination of selenium at 0° C using- a 1:1 
mixture of fluorine and nitrogen 114 ) resulted in the formation of selenium tetrafluoride. 

Phosphorus trichloride was a laboratory reagent grade chemical, purified by re-distilla- 
tion. The reaction of arsemous oxide and hydrochloric acid was used to prepare arsenic 
trichloride, which was then distilled. 

Antimony trichloride was prepared by direct chlorination of antimony, maintaining an 
excess of the metal, followed by sublimation. 

Apparatus and experimental 

The reactions of molybdenum hexafluoride were studied in a glass vacuum system fitted 
with Hoke valves (No. 432), which were incorporated in the system through copper-glass 
seals brazed directly to the valves or joined with unions. The glass was carefully dried by 
evacuation and flaming before the reagents were admitted. 

< 31 > J. Fischer and E. Rudzitis, J . Amer. Chem. Soc. 81, 6375 (1959). 

* 1J> C. Pallaohy. Unpublished observations. 

<13 > J. Chatt and A. A. Williams, /. Chem. Soc. 3061 (1951). 

(l4 > E. E. Aynsley, R. D. Peacock and P. L. Robinson, J. Chem. Soc. 1231 (1952). 
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For each reaction, a special reaction system was designed to handle the particular 
reagents and the expected products. A typical system fitted with Hoke valves at V is shown 
in Fig. 1. A bulb of volume appropriate to the quantities of reagents used was connected to 



Fra. 1.—System for study of reactions of molybdenum hexafluoride. 

a conventional vacuum system at K and to it were attached various side-tubes, each con¬ 
nected through a capillary, so that these side-tubes could be removed subsequently by heating 
the capillary. If both reagents were volatile, the less volatile was first distilled from its source 
trap For example, some molybdenum hexafluoride might be distilled from the trap D to 
the side-arm /-'and subsequently exposed to a volatile reactant such as phosphorus trifluoride, 
contained in a trap B of appropriate size and fitted with a break-seal C. In the case of a 
reaction involving an involatile compound, e.g. bismuth trifluoride, the main part of the 
system was evacuated and flamed and then filled with carefully dried air. The involatile 
reactant was introduced into G from a tube fitted at J through a ground joint. The system 
was then sealed at H, evacuated and flamed and some molybdenum hexafluoride distilled 
from D to G 

When a particular reaction was complete, the mam bulk of the involatile products of 
reaction would be in one side-tube, e.g. G Partial fractionation of the products was then 
achieved by maintaining G at room temperature and cooling E or F to —183° C Tube G, 
containing the involatile products of reaction, was then drawn off by sealing the capillary 
and its contents analysed. By use of suitable coolants, the products of intermediate volatility 
could be fractionated between the remaining tubes E and F and isolated in these tubes. 
The very volatile products remained in the bulb and could be removed at A for examination 
by infra-red spectroscopy or some other procedure. 

Analytical methods 

Involatile products of reactions were identified usually by chemical analysis. Fluoride 
was determined by the null-point potentiometric method.* 1 ®) Molybdenum was determined 
gravimetrically with 8-hydroxyquinoline and volumetrically by the method of Rao and 
Suryanarayana.* 16 * Hydrogen peroxide was used to ensure that molybdenum was present 
initially as Mo(VI), which was then reduced to Mo(V) with hydrazme sulphate and Mo(V) 
was titrated against ceric sulphate. Potentiometric titration against silver nitrate was used 
for chloride because molybdate interferes with Mohr and Volhard methods. 

Volatile products were identified by infra-red and ultra-violet spectroscopy and by 
their physical properties, such as melting and boiling points. 

(15 > T A. O’Donnell and D. F. Stewart, Analyt. Chem. 33, 337 (1961). 

<16 > G. G. Rao and M. SuryanarayaNa, Z. Analyt. Chem. 168 , 177 (1959). 
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REACTIONS OF MOLYBDENUM HEXAFLUORIDE 
Pkorphonts trifluoride 

The trifluoride was added gradually to a known amount of molybdenum hexa¬ 
fluoride in a vacuum system fitted with Hoke valves. Controlled addition of phos¬ 
phorus trifluoride was achieved by admitting it to a bulb of known volume, measuring 
the pressure and condensing this aliquot of the reactant in the side-arm containing 
the hexafluoride. The reaction was studied under conditions ranging from excess 
molybdenum hexafluoride to excess phosphorus trifluoride. The only products of 
reaction were molybdenum pentafluoride and phosphorus pentafluoride which was 
identified by its infra-red spectrum. With excess molybdenum hexafluoride, 
molybdenum pentafluoride was present in yellow solution in the hexafluoride, while 
with excess phosphorus trifluoride the yellow solid, molybdenum pentafluoride, was 
isolated and identified by chemical analysis and by its melting point, previously 
reported by Peacock. (17) 

Arsenious trifluoride 

There was no reduction of molybdenum hexafluoride even when the two fluorides 
were heated to 150°C in a sealed thick-walled glass tube. The two compounds 
remained as colourless, immiscible liquids. 

Antimony trifluoride 

The solid trifluoride and liquid hexafluoride did not react at temperatures up 
to 150°C. 

Bismuth trifluoride 

No reaction on heating to 80°C. 

Sulphur tetrafluoride 

There was no evidence of reaction at room temperature. 

Selenium tetrafluoride 

The two fluorides remained as immiscible colourless liquids on heating in a 
sealed tube to 150°C At 200°C, there was extensive glass attack but no colouration 
indicative of formation of lower molybdenum fluorides. 

Phosphorus trichloride 

In this case, the reaction appeared to proceed in two steps, the nature of the 
second step depending on which of the two reactants was in excess. The first step 
was a metathetical reaction producing phosphorus trifluoride and a mixture of lower 
molybdenum chlorides and chlorine. Frequently, it appeared that the first molybdenum 
chloride produced was the black pentachlonde, which in a few hours changed to the 
brown or red tetrachloride or trichloride. 

When molybdenum hexafluoride was in excess, the second step in the reaction 
was reduction of the hexafluoride to molybdenum pentafluoride by the phosphorus 
trifluoride produced in the first step. Under these conditions, infra-red spectroscopy 
showed that the volatile products of reaction contained phosphorus pentafluoride, 
but no phosphorus trifluoride, and chlorine was identified by its ultra-violet spectrum. 

(17) R. D. Peacock, Proc. Chem. Soc. 59 (1957). 
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However, when there was excess phosphorus trichloride, only phosphorus trifluoridt 
was found in the volatile products. There was no formation of phosphorus pettta- 
fluoride and the chlorine reacted with excess trichloride to form phosphorus penta- 
chloride. Analysis indicated that the in volatile reaction products contained phosphorus 
pentachloride and molybdenum pentachloride. The colour of this residue also indicated 
the presence of the pentachloride rather than lower chlorides. 

i * ' 

• i 

Arsenic trichloride 

Analysis of the involatile products of reaction indicated the formation of 
molybdenum trichloride. The volatile products were arsenic trifluoride and chlorine. 
There was no evidence in the infra-red spectrum of the presence of arsenic penta- 
fluoride. 

Antimony trichloride 

There was no formation of antimony pentafluonde. The reaction appeared to 
give lower molybdenum chlorides and chlorine, which then reacted with antimony 
(III) to produce mixed chlorofluorides of antimony(V). The formation of one such 
compound was indicated when a white sublimate was isolated with a melting point 
close to that of SbF 2 Cl 3 . 


DISCUSSION OF REACTIONS 
Oxidation of lower fluorides 

Molybdenum hexafluoride was shown to be relatively inert as an oxidant. Of 
the lower fluorides studied, only phosphorus tnfluonde was oxidized and there was 
no evidence of the formation in that reaction of a molybdenum fluoride lower than 
MoF 5 . The reaction 2MoF 6 +PF 3 -► 2 M 0 F 5 +PF 5 provides a more satisfactory 
method for preparing molybdenum pentafluonde than that previously reported by 
Peacock. (n > The observation that the hexafluoride does not oxidize bismuth 
trifluoride is in general agreement with the reaction reported by Fischer and 
R(JDzms (!l) in which bismuth pentafluonde readily oxidized UF 4 to UFg. 

Nature of molybdenum chlorides formed 

The compound MoClg is unstable and has never been isolated. In many of 
these reactions, there was evidence of the initial formation of M 0 CI 5 which usually 
dissociated within a few hours to lower chlorides, for which the chloride to 
molybdenum ratio varied for different reactions. The ratio, which appeared to 
depend on experimental conditions such as the volume of the reaction system and 
the relative proportions and nature of reagents, ranged from five in the reaction with 
excess phosphorus trichloride to about three in reactions in which molybdenum 
hexafluoride was in great excess. 

Under the experimental conditions it might be expected that the pentachloride 
should be formed. However, the formation of lower chlorides can be explained in 
the light of the recent work of Pearson and Garner^), who have shown that chlorine 
is released when M 0 CI 5 is dissolved in carbon tetrachloride at room temperature, 
to produce lower molybdenum chlorides of indefinite stoicheiometry. In the introduc¬ 
tion to this present paper it was stated that M 0 FCI 5 is an excellent solvent for iodine, 

(18) I. M. Pearson and C. S. Garner, /. Phys. Chem. 65, 690 (1961). 
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resembling CC1 4 in this respect. Also WF S and CC1 4 have been shown to mix 
mutually without reaction.ti® It seems very reasonable then to suggest that M 0 F 5 
acts as an inert solvent for the M 0 CI 5 formed initially and that the pentachloride 
then dissociates to lower chlorides. 

Scheme of reactions with trichlorides 

The general reaction with trichlorides was in the first instance a metathetical one: 
4 XC! 3 +2 MoF 6 -+ 4 XFj+2 MoC1 5 +C1 2 . 

Subsequent reaction depended on the nature and proportion of the reactants. 

Only in the case of the PCI 3 reaction was the trifluoride, formed initially, oxidized 
to the pentafluoride and then only when MoFg was in excess. Also, in excess MoF^, 
M 0 CI 5 dissociated to M 0 CI 4 or M 0 CI 3 and chlorine. These reaction steps can be 
represented as: 

4 PClj+2 MoF 6 - 4 PF 3+2 M 0 CI 5 +CI 2 
2 M 0 CI 5 -* 2 M 0 CI 4 (or MoCl 3 )+Cl 2 
2 MoF 6 +PF 3 - PF 5+2 MoF s 

The overall reaction could be written: 

2 PClj+5 MoF 6 -»■ 4 MoF 5 +MoC1 4 +2 PF 5 +C1 2 . 

When PCI 3 was in excess a simpler reaction occurred. No PF 5 was formed and 
the chlorine formed initially reacted with excess PCI 3 to form PCI 5 . In the absence 
of excess MoF fl , the M 0 CI 5 did not dissociate 

4 PCI 3+2 MoF 6 - 4 PF 3+2 M 0 CI 5 +CI 2 
PCI 3 +CI 2 - PC1 5 

Overall reaction: 5 PCI 3 +2 MoF fi -♦ 4 PF 3 F2 M 0 CI 5 +PCI 5 

As expected from the earlier work on reactions between MoF 6 and the trifluorides, 
there was no oxidation of the trifluondes first formed in the reaction of MoF 6 with 
AsCl 3 and with SbCl 3 In the AsC1 3 reaction, chlorine did not react with excess 
AsC 1 3 , due to the instability of AsC 1 5 , and AsF 3 and Cl 2 were observed as separate 
volatile products. Dess et at < 19 > state that reaction occurs between AsF 3 and Cl 2 
only in the presence of small amounts of water Kolditz< 20) in earlier work, while 
not commenting on the possible role of water, suggested that [AsCl 4 ] + [AsF 6 ]~ is 
formed at 0°C in the presence of a large excess of chlorine. It seems reasonable Jhat, 
at room temperature and reduced pressures and with water rigorously excluded, there 
should be no interaction between AsF 3 and Cl 2 . The overall reaction in the presence 
of excess MoF 6 can be summarized as 

2 AsC1 3 +MoF 6 - 2 AsF 3 +MoC1 4 (or MoCl 3 )+Cl 2 . 

A reaction similar to the above could be written for SbCl 3 with the addition of 
a representative equation: 

SbF 3 +Cl 2 -> SbF 3 Cl 2 . 

The identity of the mixed halides of Sb (V) will depend on the relative proportions of 
reagents. For example, SbF 3 and chlorine formed in the initial reaction could react 
with SbC 1 3 to form SbF 2 Cl 3 , indicated experimentally as one of the products. 

SbCl, F2 SbFj+3 Cl 2 - 3 SbF 2 Cl 3 . 

,I9> H. M. Dess, R. W. Parry and G. L. Vidale, /. Amer. Chem. Soc. 78, 5730 (1956) 

•*» L. Kolditz, Z. Anorg. Chem. 280, 313 (1955). 
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SOME REACTIONS OF DIPHOSPHORUS TETRAIODIDE 

T. Moeller and J. E. Huheey 

Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 
( Received 13 July 1961; in revised form 25 October 1961) 1 

Abstract—The reactions of diphosphorus tetraiodide with phenol and certain aliphatic 
alcohols, Grignard reagents, and amines have been investigated. Although small quantities 
of the expected substituted diphosphorus compounds have been detected spectrophoto- 
metrically among the products from some of the reactions, the major products are mono¬ 
phosphorus compounds and amorphous, highly polymerized solids related to red phosphorus 
and the solid phosphorus hydrides. Reaction paths resulting in the cleavage of the P-P bond 
and ultimate polymer formation are considered. 

Although diphosphines and diphosphorus tetraiodide are well-characterized 
compounds, information on other tricovalent diphosphorus compounds is scanty .* 11 
This may be due, at least in part, to the small number of synthetic routes available 
for their preparation. The only potentially generally applicable methods described 
involve the coupling of two phosphorus-containing moieties under the influence of 
sodium* 2 - 31 or Grignard reagents .* 4 Thus a convenient synthesis involving only 
the substitution of other functional groups for those already present in an easily 
prepared diphosphorus compound might open routes to compounds difficult or 
impossible to synthesize by existing methods. 

The diphosphorus tetrahalides would appear to be ideal for this purpose. How¬ 
ever, only the chloride and the iodide have been described, and only the iodide is 
readily prepared. In this compound, the P-P bond has a length of 2-21 A, and the 
configuration of iodine atoms is such that the lone electron pairs on the two phos¬ 
phorus atoms are trans to each other .* 91 Attempts to prepare the chloride from the 
iodide* 10 * and the fluoride from the chloride * 111 have lead to rupture of the P-P bond. 
However, this bond appears to be retained in at least one of the hydrolysis products 
(H 2 P 2 O 4 ) of the tetraiodide .* 121 This suggests that esters of the type (RO) 2 P-P(OR) 2 , 
obtainable ordinarily by a Wurtz-type reaction ,* 131 might result from analogous 
alcoholysis reactions or that organ odiphosphines or the unknown amides, 
(R 2 N) 2 P-P-(NR 2 ) 2 , might be similarly obtainable 

<*> J. R. Van Wazer, Phosphorus and Its Compounds Vol. I. Chemistry, pp. 215-219, 
234-235. Interscience, New York (1958) 

121 K. Issleib and W. Seidel, Ber Dtsch. Chem Ges. 92, 2681 (1959) 

* 3) W. Kuchen and H. Buchwald, Ber Dtsch. Chem. Ges. 92, 227 (1959). 

< 4) P. J. Christen, L. M Van der Linde and F. N. Hooge, Rec. Trav. Chim. 78, 161 (1959). 

<s> K. Issleib and A. Tzschach, Ber. Dtsch. Chem Ges. 92, 704 (1959). 

< 4) M. I. Kabachnik and J. S Shepeleva, Izv. Akad Nauk. S.S.S.R., Otdl. Khim. Nauk, 
56 (1949). 

< 71 W. Kuchen and H. Buchwald, Angew. Chem. 71, 162 (1959). 

<«) H. Niebergall, Angew. Chem. 72, 210 (1960). 

*»> Y. C. Leuno and J. Waser, /. Phys. Chem. 60, 539 (1956). 

,I0) A. Gautier, C.R. Acad. Sci., Paris, 78, 286 (1874). 

1111 A. Finch, Canad. J. Chem. 37, 1793 (1959). 

(u * M. Baudler, Naturforsch. 14 b, 464 (1959). 

< 131 E. F. Engelke, U.S. Pat. 2403792 (1946). 
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Accordingly, diphosphorus tetraiodide has been caused to react with alcohols, 
phenol, various amines, and Grignard reagents. Unfortunately, none of these reac¬ 
tions follows a simple path, and each yields principally a tricovalent monophosphorus 
compound and highly polymeric solids which resemble the lower phosphorus 
hydrides* 14 - 151 in their physical and chemical properties. Although the chemical 
compositions of these polymers depend upon the reaction conditions, they all agree 
approximately with those of the polymeric hydrides with greater or lesser substitution 
by both iodine and the entering group for hydrogen. In a few experiments, small 
quantities of diphosphorus compounds could be detected by ultraviolet spectroscopy, 
but only the solvolysis of the tetraiodide with phenol yielded any of the desired 
product, specifically the diphosphate (II—II) ester, <16) (CgHsO^P-PCOCgHs^. 

EXPERIMENTAL 

Materials, apparatus and techniques. AH chemicals were of reagent quality. Solvents 
were dried over sodium. Commercially available “anhydrous” alcohols were dried over 
magnesium and distilled prior to use. 

All ultra-violet spectra were measured with a Cary Model 14 recording spectrophoto¬ 
meter, using solutions in n-hexane, n-heptane, methanol, ethanol, n-propanol or n-butanol 
Infra-red spectra were obtained with a Perkin-Elmer Model 21 instrument using either 
Nujol mulls or solutions in chloroform, methylene chloride, or chloroform. X-ray diffraction 
data were obtained with a Standard X-Ray Co unit, using copper K a. radiation and a 
nickel filter. 

Moisture-sensitive materials were handled in a Berkeley-type gloved box, the atmosphere 
of which had been dried with sodium carbonate, alumina, and phosphorus (V) oxide. 

Synthesis of diphosphorus tetraiodide. The procedure employed was a modification of 
that described by Germann and Traxler.< 17 > A stock solution containing ca. 1 gramme 
atom of iodine per litre was prepared by adding 254 g of iodine to 21. of dry benzene, warming 
at 45-50° C, and stirring until dissolution was complete A stock solution containing ca. 1 
gramme-atom of phosphorus per litre was prepared by dissolving 60 g of wjute phosphorus 
(weighed under acetone and dried momentarily in air) in 2 1. of dry benzene For a specific 
synthesis, two volumes of the iodine solution were added to one volume of the phosphorus 
solution. The initially dark-coloured solution turned slowly to a clear orange-red and 
deposited crystals of the product on standing. These crystals were removed, washed several 
times with n-heptane, and dried in vacuo. M. p. 125 -0—125 5° C. Yield 68-75 per cent. 
Re-crystallization was effected from dry bromobenzene. Reactions were carried out either 
with the initial benzene solution or the solid 

Properties of diphosphorus tetraiodide. The compound proved to be slightly soluble 
without decomposition in rigorously dried benzene, liquid alkanes, chloroform, diethyl 
ether, tetrahydrofuran, acetonitrile, N, N-dimethylformamide, and liquid sulphur dioxide 
Solubility in bromo- or chlorobenzene is greater, and these solvents can be used for re- 
crystallization. Nitrobenzene is a moderately good solvent at low temperatures, but at 
higher temperatures, it oxidizes diphosphorus tetraiodide rapidly. Any moisture present in 
any of the systems effects immediate solvolytic decomposition of the solute. Acetone, 
methyl ethyl ketone, cyclohexanone, acetophenone, and dimethyl sulphoxide react rapidly 
to give uncharacterized dark solutions and precipitate apparently polymeric substances. 

,14) E. Wiberg and G. MOller-Schiedmayer, Ber. Dtsch. Chem. Ges. 92 , 2372 (1959) 

«s> (a) E. C. Evers and E. H. Street, J. Amer. Chem Soc. 78, 5726 (1956); (b) E. H. Street, 
D. M. Garpner and E. C Evers, J. Amer. Chem. Soc. 80, 1819 (1958); (c) G. J. Beichl 
and E. C. Evers, J. Amer. Chem Soc. 80, 5344 (1958). 

<'«> For a comprehensive discussion of the nomenclature of these compounds, see J E. 

Huheey, Doctoral Dissertation, University of Illinois (1961). 

< 17i F. E. E. Germann and R. N. Traxler, J. Amer. Chem. Soc. 49, 307 (1927). 



Some reactions of di phosphorus tetraiodide 


317 


The ultra-violet absorption spectrum of diphosphorus tetraiodide in cyclohexane has 
a characteristic maximum (A miU[ )at228m^. Air oxidation to iodine (A „„ — 520 m p) is so rapid 
that exact evaluation of the extinction co-efficient was not attempted. 

Reaction of diphosphorus tetraiodide with phenol, A 96 g (017 mole) sample of diphos¬ 
phorus tetraiodide was prepared as outlined in a one-litre round-bottomed flask equipped 
with a stirrer and a reflux condenser. To the flask was added 500 ml of hexane and 78 ml 
(83 g, or 0-89 mole) of phenol. The reaction mixture was heated at reflux temperature for 
10 hr bymeans of an oil-bath. Copious quantities of hydrogen iodide were evolved. Refluxing 
was stopped when the evolution of hydrogen iodide had practically ceased. Hie resulting 
solution was decanted from the red solid that had separated. 

The red solid was insoluble in benzene, diethyl ether, acetone, and methanol. It did 
not melt below 235° C, but upon being heated strongly in a tube, it yielded a reddish sublimate, 
an oil, and the odour of phenol. Upon treatment with bromine water, it gave tribromophenol. 
(Found: C, 1010; H, 611; I, 25-3, 26 5%.) A second sample, prepared after only 4 hr of 
refluxing, behaved similarly but contained only 2-07%C and 0-76 %H. Both samples, when 
examined by X-ray diffraction, gave the diffuse halos of amorphous substances plus a few 
weak lines for unreacted diphosphorus tetraiodide. 

The supernatant solution from the reaction was added to a ca. 5 0 x 100 cm chromato¬ 
graphic column of acid-washed alumina, and the adsorbed material was eluted in 50 ml 
fractions with diethyl ether-n-heptane (50 per cent each). Each of the first six fractions 
yielded a single drop of oil upon evaporation. Each was then dissolved in heptane and 
examined spectrophotometrically. Absorption maxima (in mp) noted were, respectively, 
226; 229; 232; none; 265, 272, 278 and 265, 271, 277. The values for the last two samples 
are those of phenol, but the peaks at ca. 230 mp for the first three samples indicate the presence 
of one or more species containing a P-P bond. 118 * Most reasonably, they could be ascribed 
to the tetraphenyldiphosphate (II—II) ester The infra-red spectra of these three fractions 
were different from those of phenol and triphenylphosphite, but no assignments of observed 
frequencies can yet be made. 

Although the chromatographic fractions were too small for accurate analysis, fractions 
obtained by distilling the reaction product under reduced pressure were analysed. 

Found for Fraction 1 : C, 67-01; H, 5 15% 

for Fraction 2 : C, 68 00; H, 5 09% 

for Fraction 3 : C, 66-82; H, 5 01 % 

Calcd. for (C6H 5 0) 2 P-P(0C6H 5 )2: C, 66-36; H, 4-64% 
for (C«H,0) 3 P : C, 69-67; H, 4-87% 

for CeHjOH : C, 76-57; H, 6 43 % 

Reaction of the supposed tetraphenyl ester with hydrogen iodide. Two 5 ml samples of 
a solution of Fraction 1 in n-heptane (0-6 ml) were frozen in ampoules attached to a vacuum 
line The system was evacuated A 40 per cent aqueous solution of hydrogen iodide was 
dehydrated by being dropped slowly into a flask containing phosphorus (V) oxide and 
cooled to -78° C. This flask was attached to the vacuum system and the hydrogen iodide 
distilled into another flask containing fresh phosphorus (V) oxide The dry hydrogen iodide 
was then distilled into one of the ampoules containing the heptane solution. The other 
sample was retained untreated as a control. Both samples were allowed to warm to room 
temperature and then to stand for 1 hr. A separate phase appeared in the treated sample. 
Each tube was then treated with 5 ml of n-heptane, and a 5 ml aliquot was withdrawn. 
Excess hydrogen iodide was removed from the aliquot from the treated sample with a current 
of dry nitrogen. Spectrophotometric examination showed the untreated sample to be 
unchanged but indicated a substantial decrease in the intensity of the P-P absorption peak 
and an overall increase in general absorbancy in the 210-270 mp region for the treated sample. 
In addition, a red solid, resembling that noted in the original reaction, was found on the 
walls of the tube containing the hydrogen iodide-treated sample. 

(,8) A. B. Burg, L. R. Grant, J. E. Griffiths, K. K. Joshi, G. L. Juvinall and W. Mahler 
in R. I. Wagner, F. F. Casserio and L. D. Freeman, WADC Tech. Report 57-126, 
Pt. in, 82 (1959). 
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Reactions of diphosphorus tetraiodide with aliphatic alcohols. Addition of crystalline 
diphosphorus tetraiodide to aliphatic alcohols resulted in vigorous reactions with the forma¬ 
tion of amorphous, polymeric, red solids. In an attempt to detect the presence of any 
diphosphorus solvolysis products, aliquots of a solution of 152'6 mg of the tetraiodide in 
500 ml of cyclohexane were diluted with various dried aliphatic alcohols to a uniform 
concentration of 214 x 10-* M and examined spectrophotometrically. The following 
A m „ x values (in m/i)were obtained: methanol,220; ethanol, 227; 1-propanol, 234; 2-propanol, 
240; 1-butanol, 244; 2-methyl-2-propanol, 236. All extinction coefficients were ca. 1 xlO*. 

Reaction of diphosphorus tetraiodide with phenylmagnesium bromide. A solution of 
0 082 mole of phenylmagnesium bromide in diethyl ether was prepared by the procedure of 
Rwm (i») Benzene was added as the ether was removed by distillation until the distillate 
was essentially pure benzene. The solution was cooled to room temperature, and 500 ml 
of a 0 04 M solution of diphosphorus tetraiodide in benzene was added slowly with stirring. 
A yellow solid separated immediately. When all of the tetraiodide had been added, the 
mixture was forced through a fritted-glass filter on to a column of acid-washed alumina. 

The remaining solid, after being washed with ether and dried, was found to be amorphous 
and insoluble in all common solvents. Its melting point was above 200° C, but upon being 
heated strongly, it yielded a condensate of white phosphorus. (Found: C, 19-41; H, 3-08; 
P, 19-41 %.) 

The chromatographic column was treated in order with benzene, diethyl ether, and 
acetone. The first fractions were shown to contain biphenyl by infra-red examination. 
Subsequent fractions were shown to contain phosphorus by the o-anisidine-molybdate test. (20) 
Most, if not all, of this phosphorus was identified as triphenylphosphine by treating the 
sample with a solution of sulphur in carbon disulphide, recovering and recrystallizing the 
reaction product, and determining a mixed melting point with triphenylphosphine sulphide 
from an independent synthesis 

Reaction of diphosphorus tetraiodide with n-propylamine. To a solution of 101 g (0 178 
mole) of diphosphorus tetraiodide in 1400 ml of benzene contained in a two-litre, three- 
necked, round-bottomed flask equipped with a stirrer, a dropping funnel, and a reflux 
condenser, a solution of 100 g (1-7 mole) of n-propylamine in 200 ml of benzene was added 
slowly with stirring. The brownish white precipitate that formed was removed by filtration 
and dried. Treatment with ethanol gave an insoluble, amorphous, brown residue, melting 
above 200° C and yielding a sublimate of white phosphorus at higher temperatures, and a 
solution that deposited white crystals of n-propylammonmm iodide upon evaporation. 
(Found: C, 19 28; H, 5 39; N, 7-49. Calc for n-C 3 H 7 NH 3 I: C, 19-18; H, 5-35; N, 7 54%). 

Substitution of N-methylamlme for n-propylamine gave a similar reaction except that 
an orange, amorphous polymeric material resulted and the N-methylamhnium iodide remained 
in solution. In neither case could an identifiable phosphorus-containing product be isolated 
from solution. 


DISCUSSION 

These observations indicate clearly that although phenol, alcohols, Grignard 
reagents, and amines attack diphosphorus tetraiodide readily the major products 
are polymeric derivatives related to the solid phosphorus hydrides (and, therefore, 
red phorphorus) and monophosphorus compounds rather than the expected 
diphosphorus derivatives. Although the latter have been detected spectrophoto¬ 
metrically in small quantities, these reactions cannot be used for their syntheses. 

This type of cleavage of the phosphorus-phosphorus bond has been reported 
for other systems. Thus, EmelEus and coworkers< 21) reported complete cleavage 
when tetrakis (trifluoromethyl) diphosphine is hydrolyzed in alkaline solution. 

n» l F. Fieser, Experiments in Organic Chemistry (3rd Ed.), p. 79. Heath, Boston (1955) 
<20) C. M. Welch and P. W. West, Analyt. Chem. 29, 874 (1957). 

«*> F, W. Bennett, H. J. EmelSus and R. N. Hazeldine, J. Chem . Soc. 3896 (1954). 
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Similarly, t-butyl alcohol reacts quantitatively with this diphosphine to yield 
bis(trifluoromethyl)-phosphine and O-t-butyl-bis(irifluoromethyl) phosphate (-I),* 22 * 
and treatment of the same diphosphine with trimethylphosphine and hydrogen 
chloride yields bis(trifluoromethyl)phosphine.< 18) Furthermore, biphosphine gives 
phosphine and solid polymeric hydrides when treated with liquid ammonia, * ,Sb) and 
diphosphorus tetraiodide yields trimethylphosphine when treated with methyl- 
lithium. These reactions and those involving alcohols, amines, and Grignard 
reagents are apparently all examples of attack by basic reagents which invariably 
cleave the P-P bond and may or may not result in polymerization of the fragments. 

It is difficult to assume that phenol supplies a sufficient concentration of phenoxide 
ion to sustain an entirely comparable reaction. It is probably for this reason that 
diphosphorus species can be distinguished in the reaction products. Subsequent 
cleavage either by released or added hydrogen iodide may then occur. 

Although the exact structures of the polymeric products are unknown, three 
structures seem most reasonable, namely a single chain of phosphorus atoms: a 
double chain, cross-linked at alternate phosphorus atoms: or a chain of P 4 X 2 groups 
based upon a proposed structure for red phosphorus.* 23 * Irrespective of the true 
structure, greater or lesser substitution by iodide and other groups is probable, with 
the degree of iodide substitution decreasing with increasing time of reaction. The 
reaction paths for the formation of such polymeric products are not clear. With 
the Grignard reaction, coupling may occur by the same mechanism that is involved 
in the reaction of thiophosphoryl chlonde with alkyl Grignard reagents to yield 
diphosphme disulfides.* 4-8 ' Whether a parallel exists to the assumed mechanisms 
for the formation of the much more complicated solid hydrides* 14 * cannot be 
determined. 

The facts that cleavage of diphosphmes is apparently favoured by both acidic 
and basic conditions, that biphosphine itself is quite unstable with respect to this 
reaction, and that organic diphosphines are moderately to very stable may be ac¬ 
counted for by assuming that at some stage in the reaction of a diphosphorus com¬ 
pound the electron pair between the two phosphorus atoms is somewhat displaced 
toward one atom and that this is then followed by migration of a group to this more 
negative atom and heterolytic cleavage of the bond. 

* 22 ' A. B. Burg, G. Brendel, A. P. Caron, G. L. Juvinall, W. Mahler, K. Modritzer 
and P J. Slota, Jr., WADC Tech. Report 56-82, Pt. II (1957). 

( 23) L. Pauling and M. Simonetta, J Chem. Phys. 20, 29 (1952). 
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EXTRACTION OF Ca(II), Sr(II) AND Ba(II) BY 
ACIDIC ESTERS OF PHOSPHORUS OXY ACIDS* 

D. F. Peppard, G. W. Mason, S. McCarty and F. D. Johnson 
Argonne National Laboratory, Argonne, Illinois 

C Received 18 August 1961) 

Abstract— The extraction of Ca(II), Sr(II) and Ba(II) from aqueous mineral acid, in the 
presence and absence of the corresponding sodium salt, into xylene solutions of 
(GO^PCKOH), G = 2-«thyl hexyl and para (1,1,3,3 tetramethyl butyl) phenyl, and of 
(GO)GTOfOH), G = n-octyl and G' = phenyl and chloro methyl, has been investigated 
radiometrically. The distribution ratio, K, has been found to be inversely second-power 
dependent upon the hydrogen ion concentration in the equilibrated aqueous phase. 

The dependency of K upon the concentration of extractant in the equilibrated xylene 
phase was found to be 2 5-power for Ca and Sr and 3 0-power for Ba in systems involving 
bis [para (1,1,3,3 tetramethyl butyl) phenyl] phosphoric acid or n-octyl hydrogen chloro- 
methyl phosphonate; 3 O-power for Ca, Sr and Ba in systems involving n-octyl hydrogen 
phenyl phosphonate; and 3 O-power for Ca (Sr and Ba not proved) in systems involving 
bis(2-«thyl hexyl) phosphoric acid. 

The effect of structural differences in the extractants is discussed, and the extraction 
of alkaline earths (II) is compared with that of Pm(III) and Cm(III). 

The extraction of a metallic cation of charge +b from an aqueous mineral acid phase 
into an opposing phase consisting of a weakly dissociated mono acidic chelating 
extractant (bi-dentate) dissolved in a liquid carrier diluent has been studied extensively. 
If the extractant remains essentially quantitatively in the organic phase and if com- 
plexing of the metallic cation by the extractant in the aqueous phase is negligible, 
then, in general, the distribution ratio, K, for the metallic cation varies directly with 
the concentration of extractant raised to the 6th-power. (1) The extraction of the 
+b charged cation is said to have a ith-power extractant dependency. The extraction 
may be generalized as: 


Ml + +6HCh 0 MCh fc0 +6H£ (1) 

where HCh is the unionized chelating extractant and the subscripts A and O refer, 
respectively, to mutually equilibrated aqueous and organic phases. 

However, if the extractant is dimeric in the carrier diluent but may be found in 
the extracted species as monomers, dimers or both, the extractant dependency may 
be hth-power, 0-5hth-power or something intermediate, even though the co-ordination 
number, C.N., of the extracted cation is 2b. If, m addition, the C.N. of the cation is 
different from 2b, the probability of an extractant-dependency other than hth-power 
is increased. 

* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 

(1) E. B. Sandell and P. F. Cummimos, Analyt. Chem. 21, 1356 (1949). N. H. Furman, 
W. B. Mason and J. S. Pekola, Ibid 21, 1325 (1949). 
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In systems employing a dimeric mono-acidic ester of ortho phosphoric add as 
extractant, the extractant dependency for trivalent lanthanides* 21 and actinides* 21 , 
M 3+ , is reported as third-power. However, that for tetravalent thorium, Th 4+ , is 
also third-power.* 31 This dependency of less than b is presumably to be explained 
in terms of geometrical difficulties in placing four mono-ionized dimers about the 
thorium atom. 

Conversely, an expectant-dependency of greater than b might be expected for 
M 2+ if the C.M is 6. Consequently, a study of the extraction of the M(II) alkaline 
earths was undertaken. 

The investigation presently described encompassed both mono-acidic esters, 
(GO) 2 PO(OH), of ortho phosphoric acid and mono-acidic esters, (GO)G'PO(OH), 
of two different G' organo phosphomc acids. These extractants in a liquid carrier 
diluent were used in opposition to an aqueous phase containing a mineral acid, with 
and without the corresponding sodium salts 
Nomenclature 

The distribution ratio, K, of a specific nuclide is defined as the concentration of 
nuclide in the upper divided by the concentration of nuclide in the lower of two 
equilibrated sensibly-immiscible liquid phases, the concentration being considered 
proportional to the ^-activity per ml of the given phase 

Symbolic formulae, consistent with those employed in previous papers of this 
series, are used. A mono-acidic ortho phosphate ester in which the two groups are 
alike is represented as (GO) 2 POfOH), or HDGP, where the H represents the acidic 
hydrogen, G is the organic group and D signifies the prefix di. A mono-acidic 
organo phosphonate is represented as (GO)G'PO(OH) where the G' is an organic 
group attached to the P atom through a C-P bond This C-P mode of attachment 
is indicated by the bracketed expression in HG [G'P]. 

The two mono-acidic esters of ortho phosphoric acid employed and their 
symbolic formulae are; bis 2—ethyl hexyl phosphoric acid,[(C 2 H 5 )C 6 H I2 0] 2 PO(OH), 
HDEHP, (di 2-ethyl hexyl), and bis [para (1,1,3,3, tetramethyl butyl) phenyl] 
phosphoric acid, [(CgHnJQH^^ PO(OH), HDOOP, (di octylphenyl). The two 
mono-acidic esters of organo phosphonic acids studied are, correspondingly ■ n-octyl 
hydrogen phenyl phosphonate, (n-C 8 H 17 0)(C 6 H 5 ) PO(OH) Hn-0[4>P], and n-octyl 
hydrogen chloromethyl phosphonate, (n-C 8 H 17 0) (C1CH 2 ) PO(OH), Hn-0 [CIMP]. 
Sources of materials 

A mixture of the mono and di para (1,1,3,3 tetramethyl butyl) phenyl esters of ortho 
phosphoric acid was obtained from Victor Chemical Co. and the di ester, HDCXDP, isolated 
as described previously.* 41 The bis 2-ethyl hexyl phosphoric acid, obtained from Virginia 
Carolina Chemical Corp. and assaying greater than 98 % HDEHP was subjected to further 
purification.* 41 The acidic phosphonates, Hn-0[4»P] and Hn-0[C1MP], were prepared 
by the method for preparation and purification of HG[GT] compounds described pre¬ 
viously* 51 , utilizing <J>POCl 2 and CICH 2 POCI 2 obtained from Victor Chemical Co. and 
n-octyl alcohol. 

< 2) (a) D. F. Peppard, G. W Mason, J. L. Maier and W. J. Driscoll, J. Inorg. Nucl. Chem. 

4 , 334 (1957). 

(b) D. F. Peppard, G. W. Mason, W. J. Driscoll and R. J. Sironen, J. Inorg. Nucl. 

Chem. 7, 276 (1958). 

131 D. F. Peppard, G. W. Mason and S. McCarty, J. Inorg. Nucl Chem. 13, 138 (1960). 
< 41 D. F. Peppard, J. R. Ferraro and G. W. Mason, /. Inorg. Nucl. Chem. 7, 231 (1958). 
< 51 D. F Peppard, J. R. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 12, 60 (1959). 
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The /5-active nuclides, 160day*sCa,28 year 9 ®Sr (and accompanying 0-active 64 hr »Y)and 
8 year !33 Ba were obtained from the Isotopes Division of the Oak Ridge National Laboratory. 

Determination of distribution ratios 

The distribution ratio, K, of a specific nuclide was determined radiometrically, the data 
tying obtained both by “direct” and “reverse” extractions in order to confirm the attainment 
of equilibrium. That is, data were obtained both for the pregnant aqueous phase vs. 
barren organic phase and for the barren aqueous phase vs. pregnant organic phase condi¬ 
tions. The H + ion concentrations reported are those for the equilibrated aqueous phases. 
Xylene was used as diluent throughout. 

In general, 2-ml portions of the pertinent aqueous and organic phases, one of the phases 
co ntaining 10 3 -10 6 counts/min of the tracer nuclide per ml, were mutually agitated by manual 
shaking for a 2 min period m a 15 ml stoppered polypropylene centrifuge tube. Following 
centrifugations, a portion of each phase was transferred by means of a transfer pipette to 
separate polypropylene centrifuge tubes and each sample centrifuged again. Aliquots 
of each phase were then taken for assay. 

Assays were ultimately performed by evaporating an aliquot on a platinum disk for 
^-counting.* 2 ** However, only organic phases and aqueous mineral acid phases were 
assayed directly. Salt-containing aqueous phases were assayed as specifically described. 

In the acid-dependency studies, all made at /t = 1 0, the Ca content of the equilibrated 
aqueous salt-plus-acid phase was determined by extraction into an organic phase following 
addition of a buffer as follows. A 1 0 ml portion of the equilibrated aqueous phase was 
transferred to a small stoppered vial containing 1 0 ml of 0 1 F HDO<J>P in xylene and 0-20 ml 
of 10 M ammonium acetate. Greater than 99 per cent of the Ca reported to the organic 
phase, even under the most adverse of the conditions, i.e. highest initial H+ concentration 
of salt phase. An aliquot of the resulting pregnant HDOOP phase was then evaporated 
on a platinum disk for 0-counting. The resultant count per minute corresponded to a 
count per minute assay of an equal aliquot of the equilibrated salt phase. 

Since, even under buffered conditions, the extraction of Sr and Ba into 0 1 F HDO(J>P 
in xylene was found to be far below 99 per cent from aqueous salt phases initially containing 
more than 0 05 M H+, the Sr and Ba contents of such aqueous salt phases were obtained 
by a difference method. 

In general the K for Ba was determined as follows. The tracer Ba was extracted from 
an aqueous phase approximately 0 005 M in H + into a suitable volume of the organic phase 
to be investigated. This pregnant organic phase was then assayed for Ba by contacting an 
aliquot with an equal volume of 0 25 M HC1 causing the tracer to report in greater than 
99'9 per cent yield to the aqueous phase. An aliquot of this aqueous phase was then 
evaporated on a platinum disk for 0-counting. 

A 2-0 ml portion of the assayed pregnant organic phase was then equilibrated with a 
2 0 ml portion of the aqueous salt-plus-acid phase to be investigated. Following separation 
of the equilibrated phases, the Ba content of the equilibrated organic phase was determined 
by extracting the tracer from a 1 -0 ml portion of organic phase into a 1 0 ml portion of 0*25 
M HC1 and assaying the resultant HC1 phase. The Ba content (per ml) of the equilibrated 
salt phase was then taken as the difference between the assays (per ml) of initial and final 
organic phases. 

The Sr data were obtained in an identical manner except for a modification introduced 
for »°Y removal. The 64 hr 0-active 90 Y daughter of 90 Sr is far more extractable than 90 Sr 
under the conditions employed. Therefore, in the determination of K values less than 
unity, 90 Y-contammation leads to erroneous results, the measured K being too large and 
the relative error increasing with decreasing K. Consequently, the ,0 Y is removed just 
prior to the X-determination experiment by contacting the aqueous 0 005 F H + solution 
containing 90 Sr with a 0 05 F solution of the extractant under study. Under these condi¬ 
tions well over 99 9 per cent of the 90 Y is extracted and well over 97 per cent of the 90 Sr 
remains in the aqueous phase. The resultant aqueous phase is then contacted with a solution 
of the extractant under study (in the proper F range) in order to prepare a pregnant organic 
phase containing 90 Sr but no 9 °Y except for that quantity which has grown since the *®Y 
removal step. 
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This pregnant organic phase is then utilized as described for fia. It should be noted 
that this technique also eliminates interference from M Y which has grown after the 90 Y 
removal step; since, in the assay of a pregnant organic phase by re-extraction into an aqueous 
HC1 phase, the »®Y remains nearly quantitatively in the depleted organic phase. 


RESULTS AND CONCLUSIONS 

The K for Ca into 0-3F HDEHP from an aqueous 1M(HC1 -f- NaCl) phase is 
seen to be inverse second-power dependent upon the equilibrium concentration of H + 
ion in the aqueous phase, Fig. I. This inverse second-power acid dependency of the 



Log £ H + 

FIg. 1—Hydrogen ion dependency of the extraction of Ca into 0-30 F HDEHP in xvlene 
from HC1 + NaCl. n = 1 0. 


K for Ca is also displayed by the systems involving 0-1 OF HDCKDP in xylene and an 
opposing aqueous HX + NaX phase in which X = C10 4 -, C1-, and NCy, Fig. 2. 
It will be noted that the K is highest from perchlorate, lowest from nitrate and of 
intermediate value from chloride solutions. Whether these small differences are a 
reflexion of weak complexmg of Ca or of a general ^-effect upon the activity of H + 
and/or Ca 2+ is unknown. 

Due to the mutual proximity of the three curves of Fig. 2 and to the fact that an 
inverse second-power acid dependency was manifested in all three systems, the 
remainder of the study was restricted to systems involving an aqueous chloride phase, 
since, for many nuclear and analytical applications, a chloride-containing phase is 
to be preferred to one containing nitrate or perchlorate. Extensive studies of Sr 
and Ba in HDEHP systems were not considered feasible due to the very low K values 
for these elements. 






In Fig. 3, the K values for Ca, Sr and Ba in an HDO<l>P vs. aqueous chloride 
system are compared. An inverse second-power H + ion dependency is followed 
closely. In this system, all three elements are relatively well extracted, consequently 
the extraction behaviour of Sr and Ba may be studied with precision. 



-1.8 -1.4 -1.0 -0.6 -0.2 0.2 

Lob E h + 

Fig. 3.—Hydrogen ion dependency of the extraction of Ca, Sr and Ba into HDODP in 
xylene from HC1 +NaCl. n = 1-0. 
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Similarly to the two mono-acidic phosphates, HDEHF and HDODP, the two 
mono-acidic phosphonates, Hn-0[<PP] and Hn-0[CIMP],also extract these elements 
from a 1-0 ^ chloride phase with an inverse second-power H + ion dependency, 
Figs. 4 and 5. 



Fra. 4.—Hydrogen ion dependency of the extraction of Ca, Sr, and Ba into Hn-O [d>P] 
in xylene from HC1 +NaCl. n = 1 0. 



Fto. 5.—Hydrogen ion dependency of the extraction of Ca, Sr, and Ba into Hn-G [Cl MP] 
in xylene from HC1 +NaCl. n = 1-0. 
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From these data, considering the fact that the extractants are dimeric, the 
extraction of Ca, Sr and Ba might now be generalized as: 

M* + +4CHYK ^==i M(HY2)2(HY)^4-2H: (2) 

where (HY )2 represents the dimeric extractant and the subscripts A and O refer 
respectively to mutually equilibrated aqueous apd organic phases. » 

The coefficient b , the extractant dependency, of Expression 2 is found to be either 
2-5 or 3-0, depending upon the elements and upon the extractant. In Figs. 6 and 8 , 
pertaining to HDEHP and Hn-0[0P], the data indicate a third-power extractant 
dependency, b — 3-0. In Figs. 7 and 9 pertaining to HDOOP and Hn-0[CIMP], 
the extractant dependency is shown to be 2-5-power for Ca and Sr and 3-0-power 
for Ba. 

The distribution ratio, K, corresponding to Expression (2), for a constant n 
chloride system, may be expressed in the form: ( 2 b> 

*=K*fLo/[H+£ (3) 

where F Ex represents the concentration in formality units of the extractant in the 
xylene phase and K s is a composite constant characteristic of the system. Utilizing 
Expression (3), the values of b obtained from Figs. 6-9, and the K values read from the 
straight lines of Figs. 1-5 (and certain additional Sr data), K s values were calculated 



Fig. 6 .—Extractant dependency of the extraction of Ca into HDEHP in xylene from 
0 -01 M HC1. 

(6) D. Dryssen, Acta. Chem. Scand. 11, 1771 (1957); D. F. Pefpard, J. R. Ferraro and 
G. W. Mason, J. Inorg. NucL Chem. 4, 371 (1957). 




328 D. F. Pefpakd, G. W. Mason, S. McCarty and F. D. Johnson 

for the elements for 1-0 n chloride systems, Fig. 10. (Numerically, is the hypo¬ 
thetical value of AT in a 1 OF extractant vs. 1-0M H + system. Actually, gross depar¬ 
tures from the dependencies indicated by Expression (2) are noted under these 

conditions). 



Fig. 7.—Extractant dependency of the extraction of Ca, Sr, and Ba into HDOd>P in 
xylene from dilute HC1. 

In making comparisons in Fig. 10, it should be remembered that for a given 
extractant, the stoicheiometry of extraction is identical for Ca and Sr but not, in 
every case, for Ca, Sr and Ba. The approximate jS-values, i.e., the ratio of their 
respective K values, for Ca with respect to Sr are, respectively: > 100, 55, 220, and 
55 for a 1 -0 n chloride system versus xylene solutions of HDEHP, HDOOP, Hn-0[d>P] 
and Hn-0[C1MP], 

It is apparent, from Fig. 10, that the mutual separation of Ca and Sr may be 
accomplished readily. These systems, however, show little promise for the mutual 
separation of Sr and Ba, although they may be used advantageously in isolating a 
composite fraction containing Sr and Ba or Ca, Sr and Ba as a group from less 
extractable elements. 


DISCUSSION 

Since no radioactive isotope of Mg was available during this study, the behaviour 
of Mg can be discussed in a qualitative fashion only. In gross extraction experiments 
(successive extractions and scrubs), involving the simultaneous presence of Ca, Mg 
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and Sr, the Mg concentrated with the Sr in the aqueous phase when the effective, 
distribution ratio, £, for Ca was set at approximately unity. (£ = RK where R is 
the volume ratio of organic phase to aqueous phase). In this way, the K for Mg 
was shown to be considerably lower than that for Ca in each of the systems studied. 
It may be noted that Kimura <7) reports that in the 50 per cent HDEHP (toluene) 
vs. 0-1M HC1 system, the K for Ca is approximately eighty times that for Mg. 



Fig. 8 .—Extractant dependency of the extraction of Ca, Sr, and Ba into Hn-OpDP] in 
xylene from dilute HX; X = CIO 4 , C1-, NO 5 . 


Kimura <*> further finds the extractant dependencies for the alkaline earths 
to be second-power in the HDEHP (toluene) vs. O05M HC1 system. In the 
present study, the K for Ca was found to be third-power extractant dependent. 
The studies differ in the diluent employed and the range of concentrations of extrac¬ 
tant. 

Since the K for Ba is consistently third-power dependent upon the concentration 
of extractant in all of the cases presently reported, whereas the K values for Ca and Sr 
are 2-5 power extractant-dependent for two of the extractants, it seems logical to 
assume that the extractant dependency is partially dependent upon the ionic size of 
the cation. If the extractant dependency decreases with decreasing size of the cation, 
it is perhaps logical to surmise that Be and/or Mg is sufficiently small to display 

”> K. Kimura, Bull. Chem. Soc. Japan 33, 1038 (1960). 

<*> K. Kimura, Bull. Chem. Soc. Japan 34, 63 (1961). 
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a second-power extractant dependency. In their comprehensive investigation of the 
extraction of Be from aqueous mineral acid phases into solutions of HDGP in toluene. 
Hardy, et al (9) found the K to be second-power dependent for systems in which 
G was n-butyl, n-octyl and 2-ethyl hexyl. It is apparent, from their data, that under 
comparable conditions, the K for Be should be considerably higher than that for Ca 
in HDEHP systems. 



Fig. 9. —Extractant dependency of the extraction of Ca, Sr, and Ba into Hn-0[C1MP] 
in xylene from dilute HC1. 

CArrRAix (l0, ) in his studies of the extraction of Be into solutions of HDEHP in 
kerosene, employed an aqueous sulphate phase. Since the effect of sulphate complexing 
of Be upon his data is not known, no direct comparisons are possible. 

With respect to the extractant dependencies that are greater than two for Ca, 
Sr and Ba, it may be noted that Dyrssen (11 > has “shown that Sr 2+ is extracted from an 
aqueous solution into an oxine-chloroform solution in the form of SrA 2 - 2 HA”, 
(HA is the oxine molecule). He states, “Bearing in mind that the co-ordination 
number of Sr 2+ is 6, it is not surprising that the two water molecules left after the 
complexing with two oxinate ligands, A, may be exchanged for two HA, thus giving 
an uncharged complex that is soluble in organic solvents”. 

C. J. Hardy, B. F. Greenfield and D. Scargill, J. Chem. Soc. 174 (1961). 

<>«> R. W. Cattrall, Aust. J. Chem. 14, 163 (1961). 

'J'* D. Dyrssen, Svensk. Kem Tidskr. 67, 311 (1955). 
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It is, therefore, suggested that the extracted species are, respectively, 
MCHY^fHY) and M(HY 2 ) 2 (HY) 2 for the systems involving 2 5-power and 3'0- 
power extractant dependencies. 

The effect of varying the nature of the phosphorus-based extractant is large, 
the for Ca in the HD04>P and HDEHP systems differing by a factor of nearer 
4xl0 3 , Fig. 10. This difference is probably attributable to a combination of an 
acidity actor and a steric hindrance factor. ’ ' 
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Fig. 10.— K, values for extraction of Ca, Sr, and Ba from HC1 -f NaCI (/i ■= 10) into 
solutions of (GO) 2 PO(OH) and (GO) G'PO(OH) in xylene. (Based upon data 
in 0-05-0 25 M H + range). 


Considering the relative electronegative character of the G groups, HD04>P is 
expected to be much more acidic than HDEHP. Assuming, for simplification, the 
bonding of the ionized residue to M b+ to be of comparable strength for the two 
extractants the more highly acidic extractant should display the higher K t . On the 
other hand, the steric hindrance due to branching of the octyl group might be expected 
to result in lowered strength of bonding to M b+ . (It seems logical that steric 
hindrance should affect the bonding to a relatively large M b+ much more drastically 
than that to a proton). 

Of the two acidic phosphonates, Hn-0[CIMP] is expected to be more acidic than 
Hn-0[4>P]. Whether there is an important difference in the steric factors is ques¬ 
tionable. 
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Peppard, et al < 12 > reported K, values for the extraction of Pm (III) and Cm (III) 
from an aqueous HClC^-t-NaClO* (/i = 1 ■O) phase into toluene solutions of selected 
HDGP and HG [G'P] extractants. Since an aqueous perchlorate rather than 
chloride phase and toluene diluent rather than xylene were employed, direct com¬ 
parisons are impossible. In addition, the HG [G'P] extractants employed in the 
previous study* 12 * were the 2-ethyl hexyl, rather than the n-octyl, derivatives of phenyl 
and chloromethyl phosphonic acids. Nevertheless, an interesting relationship 
between the effects of structural changes in the extractant upon the K, for M J+ and 
M 2+ ions may be expressed, in approximate fashion, as: 

(Aj 2 /Ai 1 ) M 3 + 'Z (Aj 2 /J&i)M2+ (4) 

where the subscripts 1 and 2 refer to two different extractants. For example, using 
HDOd>P as Extractant 1 and HDEHP as Extractant 2, and the La 3+ and Ca 2+ data, 
the left and right sides of Expression (4) are respectively 4x 10 s and 3 x 10 s . 

The effect of steric hindrance upon the acidity of HDGP and HG [G'P] extrac¬ 
tants and the effects of both stenc hindrance and increasing acidity upon the K s 
of a number of M b+ ions are now being investigated. It is anticipated that large 
changes in specificity may be realized through variation of the steric hindrance and 
acidity factors. 

(1I) D. F. Peppard, G. W. Mason and I. Hucher. J. Jnorg. Nucl. Chem. 18, 245 (1961). 
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THE DENSITY OF LIQUID SILVER FROM ITS MELTING 
POINT TO ITS NORMAL BOILING POINT 2450°K* 

A. D. Kirshenbaum, J. A. Cahill and A. V. Grosse ,1 
The Research Institute, Temple University, Philadelphia 44, Pa. ' 

( Received 1 August 1961; in revised form 9 October 1961) 

Abstract—The density of liquid silver was determined, by the Archimedean principle, over 
the whole range from its melting point to its normal boiling point. It can be best expressed 
by the linear equation 

D (g/cm 3 ) = 10 465 -9 067 x 1CM T°K 
with a probable error of ±0 009 g/cm 3 . 

The density of liquid silver is 9 -346 g/cm 3 at its melting point (1234° K) and 8 -244 g/cm 3 
at its normal boiling point (2450° K). 

Recently, as part of our high temperature density studies of liquid oxides* 1 ) 
fluoride* 2 - 3.4,5) an( j metals,* 51 we have reported the density of liquid lead from its 
melting point to its normal boiling point.* 61 Since then, we have measured the density 
of liquid silver from its melting point (1234°K) to its normal boiling point (2450°K) 
with a precision of ±0-009 g/cm 3 or 0-1 per cent. 

EXPERIMENTAL PROCEDURE 

These measurements were made with the same graphite crucible, chimney and sinker 
used in the lead experiments.* 61 The liquid silver was heated in the graphite crucible. The 
sinker was immersed into the liquid silver and the silver refluxed at atmospheric pressure 
for ±1 hr m order to remove all entrapped and dissolved gases. The temperature was then 
dropped below the boiling point of silver in approximately 50-100° K intervals and the 
density measurements made from the apparent loss in weight and the* volume of the graphite 
sinker. 

The volume of the sinker was 3 -535 g/cm 3 at 20° C as determined by the apparent loss 
in weight in mercury. The volume was corrected for thermal expansion at the operating 
temperature as described previously.* 61 The volume of the sinker depended upon its depth 
of immersion in the liquid silver. This was determined by electrical contact as described in 
the paper on lead.* 61 

The apparent losses in weight were corrected for surface tension. The values used at 
the boiling point of silver (750 dyn/cm at 2450° K)* 71 were obtained by extrapolating the 
data reported by Krause and Sauerwald .* 81 A contact angle of 140° was assumed in 
these calculations since, as with lead and mercury, the silver did not wet the graphite. The 
correction at the boiling point was 0319g(=l-0 per cent of total apparent weight loss). 

* This research was sponsored by the National Science Foundation under Grant 15540. 
(1) A D. Kirshenbaum and J. A. Cahill, J. Inorg. Nucl. Chem. 14, 283 (1960). 

* 21 A D. Kirshenbaum, J A Cahill and C. S. Stokes, J. Inorg. Nucl. Chem. 15,297 (1960). 
< 31 A. D. Kirshenbaum and J. A. Cahill, Technical Note No. 9, Contract No. AF 18(600)- 
1475, the Research Institute of Temple University, April 30, 1959 
<4> A. D. Kirshenbaum and J. A. Cahill, J. Inorg. Nucl. Chem. 19, 65 (1961). 

* 51 A. D. Kirshenbaum, Second Annual Report on High Temperature Inorganic Chemistry 
to the National Science Foundation, Research Grant NSF-G6278, the Research Institute 
of Temple University, Dec. 15, 1960. 

* 6) A D Kirshenbaum, J. A. Cahill and A V. Grosse, J. Inorg. Nucl. Chem. 22, 33 (1961). 
* 71 D. R. Stull and G. C. Sinke, Thermodynamic Properties of the Elements, Advances in 
Chemistry Series, Vol. 19. Amer. Chem. Soc. (1956). 

< 81 W. Krause and F. Sauerwald, Z. Anorg. Chem. 181, 347, 353 (1929). 
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The lower temperatures (1250-1400° K) were measured by means of a chromel-alumd 
thermocouple calibrated by measuring the melting point of silver and had an accuracy of 
±0-2° K. An optical pyrometer was used for the higher temperatures (1700-2450° K); 
Mack body conditions were attained by using a graphite well. The pyrometer was 
standardized by measuring the melting points of silver and platinum and the boiling points of 
fruH and silver. The probable average temperature deviation from the fixed points was ± 5° K. 

The silver used in these experiments was obtained from Hagstoz and Sons, Phila., and 
had a purity of 99 95 per cent silver; the main impurity being copper (~ 0-04 per cent). 
Any oxide present in the silver was reduced to the metal and the oxygen removed as CO 
when the silver was refluxed in the graphite crucible and chimney. Graphite was used as 
construction material for silver because it had been shown by Ruff and Bergdahl<»> that 
the solubility of carbon in silver is negligible. At its boiling point, it is only 0 0022 wt. per 
cent and thus no correction for dissolved C was required. 


RESULTS 

Table 1.—Experimental density values of liquid silver 


Temperature 
(° K) 

Density 

(g/cm 3 ) 

Temperature 

(°K) 

Density 

(g/cm 3 ) 


1285 

9-261 

2093 

8 549 


1311 

9 233 

2163 

8 483 


1332 

9 216 

2228 

8-475 


1339 

9 207 

2263 

8-422 


1352 

9 192 

2293 

8 428 


1362 

9-206 

2308 

8 409 


1384 

9 164 

2323 

8-386 


1396 

9 169 

2338 

8 353 


1408 

9 156 

2358 

8-347 


1409 

9 151 

2388 

8 323 


1717 

8 891 

2393 

8 300 


1730 

8 861 

2423 

8 317 


1812 

8 820 

2438 

8 278 


2013 

8-671 

2438 

8-266 

Table 2. —Density, specific volume, atomic volume and volume coefficient of 



EXPANSION OF LIQUID SILVER 




Specific 

Atomic 

Volume 

Temperature 

Density 

volume 

volume 

coefficient of 

°(K) 

(g/cm 3 ) 

(cm 3 /g) 

(cm 3 /g-atom) 

Expansion x 10 6 (°K - i) 

1234 (m.p.) 

9-346 + 

0 10700 + 

11-5431 

97 0+0-09 


0009 

0 00011 

0-013 


1400 

9 196 

0 10874 

11-731 

98-6 

1500 

9 105 

0 10983 

11 -848 

99-6 

1600 

9 014 

0-11094 

11-968 

100-6 

1800 

8-833 

011321 

12-213 

102-6 

2000 

8-652 

0-11558 

12-470 

104-8 

2200 

8-470 

0 11806 

12-736 

107-0 

2400 

8 289 

0-12064 

13-015 

109-4 

2450 (n.b.p.) 

8 244 + 

0-12130 + 

13-086 + 

1100+0 1 


0 009 

0-00013 

0-014 


2500 

8 198 

012198 

13-159 

110-6 


The results obtained are tabulated in Table 1. Least square treatment of the 


data gave the following straight line density-temperature relationship. 
D (g/cm 3 ) = 10-465 — 9-067 x 10"* T° K 
or D (g/cm 3 ) = 9-346- 9-067 x 10-4(7-1234° K) 
with a probable error of ±0-009 g/cm 3 . 

(9i O. Ruff and B. Bergdahl, Z. Anorg. Chem. 106, 91 (1919). 
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Thus at the melting point of silver (1234°K), the density is 9-346 g/cm 3 . Extra¬ 
polation of the solid density data reported by Sauerwald<J°> with the X-ray 
(a = 4-07787 A,4 atoms/cell) density data (10-5668 g/cm 3 at 25°C) gives a solid 
density at the melting point of 9-665 g/cm 3 . Therefore the volumetric expansion on 
melting (V\-VJVi) equals 3-30 per cent. 

The atomic volumes were calculated for various temperatures from the smoothed 
density values obtained from the liquid silver density equation. These values are 
summarized in Table 2, together with the cubical coefficient of expansion values or 
fj, calculated from the equation: 

dDjdT — p-D,. 


COMPARISON OF OUR RESULTS WITH LITERATURE DATA 
A literature survey of the data on liquid silver showed that very few data have 
been published. A comparison of our results with the literature is made in Fig. 1 



and Table 3. Only these investigators, Sauerwald ,* 101 Matsuyama< 12 > and 
Jouniaux ,* 131 made more than one measurement over a temperature range of at least 
50°. The density equations obtained by these investigators are presented in the table 
together with their values at the melting point. They are in good agreement with 
the value of 9-346 g/cm 3 found in this paper (see Table 3). 

Their temperature coefficients are also in reasonable agreement with our data, 
if one considers that they were obtained only over a temperature range between 
60-200° whereas ours were obtained over a 1200° range. 

uo > F. SauerwalD, Z. Metallk. T4, 457 (1922). 

1111 F. Foote and E. R. Jette, Phys. Rev. 38, 81 (1940). 

<>« Y. Matsuyama, Sci. Rep. T6hoku. Univ. 18, 737 (1929). 

(13) A. Jouniaux, Bui . Soc. Chim. 47, 528 (1930). 
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TRITIUM IN THE THERMAL NEUTRON FISSION OF 

URANIUM-235* 

E. N. Sloth, D. L. Horrocks, E. J. Boyce and M. H. Studier 
A rgonnc National Laboratory, Argonne, Illinois 

( Received 8 September 1961; in revised form 30 October 1961) 

Abstract —The existence of tritium as a product of fission, first reported by Albenesius,* 1 ) 
has been verified. A ratio of 1 -25 ±0 15 x 10* fissions per atom of tritium was found for 
the thermal neutron-induced fission of 235 U. Tritium was converted to water in a dosed 
system and its activity measured by liquid scintillation techniques. The number of fusions 
was determined by assay of the 0-537 MeV y-ray of 140 Ba. 

The existence of ternary fission has been well established. < 2 > In particular, the long 
range alpha particles arising from thermal neutron-induced fission* 3- ® and spon¬ 
taneous fission of californium-252< 2 ' 7 > have been studied by nuclear emulsion 
echniques, ionization measurements and magnetic analysis. The abundance of this 
type of tripartite fission is roughly one in 300 of the normal binary fission events. 

Triple fission in which the third fragment is the triton was first reported by 
Albenesius. <>> A frequency range of one tritium atom per 1 -2 x 10 4 fissions was 
given. While our experiments were in progress Albenesius and Ondrejcin< 8 > 
reported a value of 1 -05 ; i-0 09x 10 4 for the ratio of fissions to tritium atoms. They 
isolated tritium and determined it by liquid scintillation techniques. They calculated 
the number of fissions from reactor data. We determined tritium in a similar manner 
and in addition isolated the fission product 140 Ba to determine the number of fissions. 

EXPERIMENTAL PROCEDURE 
Sample preparation and irradiation 

The uranium was irradiated as UjOs powder in 0 2, 0 5 and 10 gramme quantities. 
National Bureau of Standards (MSST) U 3 O 8 and U 3 O 8 prepared from commercial uranyl 
nitrate hexahydrate were used. The commercial uranium was purified by dissolution in 
nitric acid followed by an ether extraction and subsequent ignition to U 3 OS. 

The uranium oxide was irradiated in platinum vials manufactured from 6 mm o.d. 
platinum tubing. One end of a 4 in. section of tubing was sealed off by heating in the flame 
of a torch and closed by means of a small hammer, After introduction of the sample the 
open end was closed in a like manner. Prior to irradiation the vials were subjected to a leak 
test by immersion in paraffin oil under vacuum. 

* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 

(1) E. L. Albenesius, Phys Rev. Letters, 3, 274 (1959). 

(2) M. L. Muga, H R. Bowman and S. G. Thompson, Phys. Rev. 121, 270 (1961). 

This paper contains a brief summary of earlier work on the subject 

< 3 > K. W. Allen and J. T. Dewan, Phys. Rev. 80, 181 (1950). 

< 4 > E. W. Titterton, Nature, Lond. 168, 590 (1951) 

<s> D. L. HrLL, Phys. Rev. 87, 1049 (1952). 

«> C. B. Fulmer and B. L. Cohen, Phys. Rev. 108, 370 (1957) 

(7) E. W. Titterton and T. A. Brinkley, Nature, Lond. 187, 229 (1960). 

<8) E. L Albenesius and R. S. Ondrejcin, Nucleonics 18, No. 9, 100 (1960). 
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Because of the lithium impurity in quartz, of the order of 5-10 p.p.m., quartz tubes 
were not suitable as irradiation containers. The thermal neutron cross-section of 6 Li (950 
bam) is so large that the tritium produced by the reaction 6 Li («, a)H 3 would mask the 
results for tritium produced by the fission process. The concentration of lithium in the 
NBS uranium oxide was measured by emission spectrographic analysis to be less than S parts 
per billion, giving rise to a tritium production of less than 5 per cent of that observed from 
fission. 

The irradiations were carried out in Argonne’s CP-5 reator at a flux of 2-54 x 10' 3 
neutrons per square centimeter per second for periods of 1-2 days. The irradiated vials 
were cooled for about one month to allow short lived isotopes to decay. 

Isolation and determination of tritium-apparatus 

After rinsing a vial successively m nitric acid, water, drying with acetone and again leak 
testing as previously described, the vial was placed in the apparatus schematically diagrammed 
in Fig. 1 . The traps are standard liquid air traps 25 x 200 mm with 24/40 taper joints and 
10 mm o.d. connecting tubing. Traps 2 and 3 contained a plug of Pyrex glass wool at the 



bottom to minimize bumping during the vacuum distillation process All traps contained 
plugs of Pyrex glass wool at the top to hold back possible entrained solids. Halogen hold¬ 
back carriers in 2N nitric acid and 5N sodium hydroxide were added to trap 2 and trap 3 
respectively. Preliminary experiments showed radioactive halogens were found to be 
troublesome contaminants in the isolated tritiated water 

The combustion tube, approximately 40 cm long and 15 mm o.d. with graded quartz 
to Pyrex seals, was filled with cupric oxide m wire form, and plugged with quartz wool 
The cupric oxide was reduced to copper metal by heating in a stream of hydrogen gas 
After complete reduction and cooling, a stream of oxygen was used with heating to convert 
one-half of the copper metal to cupric oxide to give a cleaner and more active oxide suiface. 
The combustion tube was then placed in the furnace on the vacuum system as shown m 
Fig. 1. A heating tape was woven about the upper part of trap 2 and the connecting tubing 
leading to the combustion furnace to minimize condensation in this section of the apparatus 

The combustion tube serves two purposes Any tritium present as tritium gas is con¬ 
verted to tritium oxide on passing through the heated cupric oxide. Radioactive halogens, 
if present as organic halides, are decomposed by the cupric oxide and removed by adsorption 
on the copper metal 

The platinum vial is placed between the 20 mil tungsten wires of trap 1. The tungsten 
wires were sealed in Hard Green Sealing Glass No 3321 tubing and sealed directly to Pyrex. 
Leads were attached from the tungsten wires through a switch to a 110 V source protected 
with a 20 A fuse. Upon closure of the switch a short circuit resulted across the platinum 
vial and melted a small hole in it. 

Procedure > 

With liquid nitrogen in place under traps 2, 3 and 4, the system was checked for leaks 
at a pressure of 1-2 n of mercury. The furnace was set at 750-800° C. The system was 
brought?to atmospheric pressure after isolating it from the vacuum pump. A small hole was 
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molted in the platinum vial by means of the short-circuit device. The reagents were added 
to trap 1 under vacuum through the reservoir. First, *2 ml of concentrated nitric acid pitta 
2 ml of water were added. By repeated evacuation and bleeding air into the system, the acid 
solution was farced back and forth inside the platinum vial, dissolving all of die uranium 
oxide. The solution was then neutralized by the addition of 5 N sodium hydroxide. 
Neutralization was completed when further addition of base caused no further precipitation 
of the orange sodium diuranate. Mixing of the solution was accomplished gentle heating 
with a torch. i ' , 

The solution was then distilled under vacuum into trap 2. No bumping was observed 
if trap 1 was maintained at room temperature. Any residual moisture in trap 1 was driven 
into trap 2 by the application of heat. Trap 1 was then removed from the system by sealing 
off the connecting tube, and set aside for 140 Ba determination on the residue. 

The liquid nitrogen was then removed from trap 2 and a beaker of hot water inserted 
in its place. The heating tape was set at 110° C and the tritiated water was distilled through 
the combustion tube into trap 3. After sealing off the combustion tube, vacuum distillation 
into trap 4 was accomplished. 

The volume of tritiated water was measured in a graduated cylinder. An aliquot (2 ml) 
was removed and analysed for tritium activity as earlier described by two of us.' 91 


Determination of the number of fissions—isolation of 140 Ba 

The procedure for isolation of the 140 Ba fission product is that due to Glendenin.' 10 * 
Analyses were made in triplicate and the time of the barium chloride precipitation was noted 
as the separation time. The barium chloride was dissolved and an aliquot removed for 
radioactive assay, the remaining solution was treated to bnng about a barium carbonate 
precipitation from which a chemical yield was determined 

Activity of 14 °Ba. The gamma activity of the barium sample was measured as soon as 
possible after separation tune, using a 5 in. sodium iodide well-type scintillator coupled to 
a single channel analyser. Since the increase in the ,40 La daughter activity is nearly linear 
with time for about the first 10 hr of growth, the observed y activity can be corrected to 
zero 140 La by extra polation to the time of the barium separation 

Counts were taken at suitable intervals over a period of 4 hr. The extrapolation was 
carried out conveniently by employing an unweighted least squares computation using the 
IBM 610 Analogue Computer The standard deviations for the 140 Ba activities at time of 
separation were less than 1 2 per cent. 

The counting efficiency for the 140 Ba in the sodium iodide crystal spectrometer was 
determined by counting equal aliquots of a separated I40 Ba solution simultaneously in the 
sodium iodide crystal spectrometer and in the "Tn-Carb” liquid scintillation spectrometer. 
For the liquid scintillation spectrometer the barium chloride solution was made basic and 
the barium extracted into a 50 per cent solution of di(2-ethylhexyl) orthophosphoric acid in 
toluene. Aliquots of the dioctyl phosphate solution containing the barium were added to 
a toluene base scintillator and counted. All beta particles emanating from ,40 Ba were counted 
by the liquid scintillation spectrometer with 100 per cent efficiency' 9 * and compared to the 
y-ray count m the 0 -35-0 65 MeV range obtained from the sodium iodide crystal spectrometer. 
Any contribution from the growth of 140 La was negligible inasmuch as the standardization 
was accomplished within one-half hour of the barium separation. The counting efficiency 
for the 140 Ba was found to be 18 6 per cent of the total disintigration rate. 


Number of fissions Appropriate corrections for decay, chemical yield, volume of 
aliquots, and efficiency of detection were applied to the observed 140 Ba activity to obtain 

(9) D. L. HorrOCKS and M. H. Studier, Analyt. Chem. 33, 615 (1961). 

" 0) L. E. Glendenin, Radiochemical Studies: The Fission Products (Edited by C. D. Coryell 
and N. Sugarman). NNES, Plutonium Project Record, Paper 236 McGraw-Hill, 
New York (1951). 
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the MOBa activity present upon termination of irradiation pf the uranium oxide in the 
reactor. The number of fissions is then calculated from the equation: 


Number of fissions 


At 


0 ) 


where A =* activity of 14 °Ba upon termination of irradiation in disintegration/min 
t = time of irradiation in minutes 
A = decay constant of 140 Ba = 3-76xlO -! nun -1 
(l-i*') = growth and decay of 140 Ba durmg irradiation 

Y = fission yield of u0 Ba from thermal neutron-induced fission of 231 U = 6 35 per 
cent (11) 


RESULTS AND DISCUSSION 

The results obtained for the fission to tritium ratio in the thermal neutron- 
induced fission of 23J U are shown in Table 1. The first five samples were heated to 
900° C, prior to the isolation of tritiated water in an open flow system, on the assump¬ 
tion that any tritium gas would be converted to water through reaction with l^Og 
The results suggest that tritium was not completely converted to water and that varying 


Table 1 


Sample* 

u 3 o, 

(g) 

Tritium 
atoms t 
(Tx 10-u) 

Ba activity t 
(disintegration/ 
mm xl0~i°) 

No fissions** 
(Fx 10-is) 

F/T x 10-“ 

M-l 

0 2006 

3 63 

2 025 

8 937 

2-46 

M-2 

0 5126 

10-06 

5 307 

23-42 

2 33 

M-3 

1 0227 

37 34 

10 78 

47 57 

1 27 

K-l 

0 4915 

7 755 

3 553 

15 68 

2-02 

K-2 

1 0775 

2-093 

11 13 

49 12 

23 47 

M-4 

01969 

8 430 

2 020 

8 915 

1-06 

M-5 

0 5972 

20 32 

5 950 

26 26 

1 29 

M-6 

1 0256 

36 67 

10 50 

46 34 

1 26 

M-7 

0 5314 

5 929 

2 752 

11-82 

1 99 

M-8 

1 0211 

18-84 

5 082 

21-83 

1-16 

K-3 

0-5616 

10 73 

2 910 

12 50 

1 16 

K-4 

0-4873 

8 516 

2 641 

11 34 

1 33 

K-5 

11114 

16-87 

5-936 

25-50 

1 54 


* M and K represent commercial and NBS (MSST) U 3 0 8 respectively, 
t The standard deviation of the tritium activity was 1 per cent. 

J Average of three determinations ±3 per cent. 

*• From Equation 1. 


amounts of tritium were lost. In the last eight samples the tritium was isolated in the 
closed vacuum system, as previously described, in which any tritium gas present was 
converted to tritiated water on passing through the cupric oxide combustion tube 
The numerical values of the fission to tritium ratio in the last eight samples were 
analysed by tl}e statistical method of Dean and Dixon. U 2) Sample M-7 may be 
rejected with 90 per cent confidence and the resulting average value is 1 -25+0-15 x 10 4 

<“> Katcoff and Seymour, Nucleonics 18, No. 11, 201 (1960). 

1111 R. B. Dean and W. J. Dixon, Analyt. Chem. 23, 636 (1951). 

,1 | 

life' 
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with approximately 95 per cent confidence. This value is in good agreement wilih 
that of Albenesius and Ondrejcin ;<» 1 •05±0'09 xl0 4 for the thermal neutron- 
induced fission of 235 U. 

Recently Watson (13) and Wegner (U> have observed a fission to tritium ratio 
of approximately 0-5 xlO 4 in the spontaneous fission of californium-252. The 
frequency of triton emission appears to be significantly greater than that associated 
with thermal neutron fission of 235 (J. Titterton and Brinkley^ suggest the same 
trend in the frequency of long-range alpha emission. 

Acknowledgement —We wish to acknowledge J. Faris for the emission spectrographic 
analysis. 

J. C. Watson, Phys Rev. 121, 230 (1961) 

< l4 > H. E. Wegner, Bull Amer Phys. Soc 6, 307 (1961). 
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PHOTOPRODUCTION OF BERYLLIUM-7 

M. S. Foster and A. F. Voigt 
Institute for Atomic Research and Department of Chemistry 
Iowa State University, Ames, Iowa 1 

(Received 4 October 1961) 

Abstract —The nuclide 7 Be has been produced by photoactivation of 9 Be, B and 12 C using 
the bremsstrahlung beam of an electron synchrotron operated at 45 MeV. Integrated cross 
sections for the formation of 7 Be have been estimated by comparison with the >»>Ta (y, n ) 
i8omx a reaction. The reaction 12 C (y, 2p3n) 7 Be has also been observed m irradiations at 
30, 35 and 40 MeV maximum energy. Its yield has been compared with that of the 12 C 
(y, n) reaction at 45 MeV. The reaction 27 A1 (y, 2p3n) 22 Na was observed at 45 MeV. 

Experimental and theoretical investigations of the phenomena of photonuclear 
reactions have been the subject of a large number of studies since the first observed 
photodisintegrations of deuterium and beryllium.* 1 ) The reactions which have 
been studied most thoroughly are the (y, n) and (y, p) reactions. Less completely 
examined are the “exotic” reactions in which two or more nucleons are emitted as 
the result of photoexcitation. 

A singular neutron-deficient isotope in the region of Z < 10 is the beryllium 
isotope of mass seven. It is separated from the other known beryllium isotopes by 
the completely unstable 8 Be nucleus. Also, it has recently been observed as a spalla¬ 
tion product in a number of high energy processes. <2> Beryllium-7 decays with a 
half-life of 53 days by /f-capture with a 477 keV y-ray accompanying 12 per cent of 
the decay processes. 

The production of 7 Be by the 9 Be (y, 2 n) reaction has been reported by Lokan,< 4 > 
who bombarded a block of beryllium metal in a bremsstrahlung beam of 30 MeV 
maximum energy for a total of 16 hr to obtain a counting rate of only 10 counts/ 
min. By comparison with the 63 Cu (y, n) reaction he estimated the integrated cross 
section to 30 MeV to be l- 2 ± 0-2 MeV-mbarns. To our knowledge no other photo- 
nuclear reactions producing 7 Be have been reported. 

It was the purpose of this investigation to determine if 7 Be might be produced 
in a medium energy bremsstrahlung beam using as target materials the light elements, 
beryllium, boron, carbon, oxygen and aluminium. It was also desired to determine 
the yields of the reactions relative to other photonuclear reactions of known yields, 
and, if possible, to estimate the integrated cross sections. 

EXPERIMENTAL 

Target materials of metallic beryllium from the Beryllium Corporation, powdered boron 
from Fairmont Chemical Company, carbon spectrograph rods from National Carbon 
Company, “Fisher Certified Reagent” boric acid, “Baker’s Analysed” cupric oxide, 2S grade 
aluminium rods, and fused silica rods were used in these irradiations 

♦Contribution No. 978. Work was performed in part m the Ames Laboratory of the 
U S. Atomic Energy Commission. 

(1) J. Chadwick and M. Goldhaber, Proc. Roy. Soc. (Lord.), 151 A, 479 (1935). 

(2) P A. Benioff, Phys. Rev. 119, 316 (1960). 

(J) D. Strominger, J. M. Hollander and G. T. Seaborq, Rev. Mod. Phys. 30, 585 (1958). 

«> K. H. Lokan, Proc Phys. Soc. (Lond.), 70 A, 415 (1957). 
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They were irradiated in a probe extending into the donut of the Iowa State University 
synchrotron* 3 > which was operated at an electron energy of 45 +2 MeV or less as determined 
by an energy control device. Bremsstrahlung were produced in a Pb radiator which was 
2-8 mm thick, All irradiations were monitored by the use of tantalum foils of 0-0005 in. 
thickness which were wrapped around the sample. In the case of the powdered samples, 
the monitor foil was wrapped around the brass container used to hold the sample. 

All samples in which ’Be was anticipated were counted in a well-type NaI(Tl) scintilla¬ 
tion counter to detect radiation with photon energy in excess of 40 KeV. y-spectra were 
taken using an RCL 256 channel pulse-height analyser which was calibrated with standard 
activities of ’Be, 22 Na, 13 ’Cs, 203 Hg, 34 Mn and 60 Co The tantalum monitor foils were 
counted in a conventional GM counting arrangement. Two foils were counted also with 
the scintillation counter used for the ’Be samples to obtain conversion factors for the two 
instruments. 


RESULTS 

The number of radioactive nuclei, a (£ 0 ), formed during an irradiation at a 
particular bremsstrahlung of maximum energy E 0 , is given by 

«(£ 0 ) = i?J £ ° ff(£) N (£ 0 , £) dE (1) 

O 

in which rj ~ the number of target nuclei, a (£) = the cross-section as a function of 
photon energy £, and N(E 0 , E) — the number of photons per unit area with energy 
between E and (E+dE). 

Various workers have estimated the integrated cross sections for photonuclear 
processes by comparing the yields of two reactions, one of which has a cross-section 
which has been determined independently One such comparison method has been 
used for cases in which the cross-sections are sharply peaked functions at energies 
well below the maximum in the bremsstrahlung spectrum, which is assumed to have 
a l/£ shape. With these assumptions the ratio of the yields can be expressed as; 


«2 

<*! 




*hEA 1 ) °a 2 d E 


1 1 ( 2 ) 


<Ti dE 


( 2 ) 


in which £ p represents the energy at the peak in the cross section curve.«» If the 
integral is known for the monitor reaction, the integral for the unknown reaction 
can be estimated. In these calculations the reaction is<Ta (y, rt) I80 "Ta was used for 
the comparison with the work of Carver and co-workers< 7 - *• 9 > taken as standard. 

Estimates of the cross sections for the »Be (y, 2 n) and B (y, pxri) reactions were 
obtained from the relative yields of product and monitor activity, Equation(2). 
and the data in Table 1 on peak energies and cross-sections. 


,5) A. J. Bureau and C. L. Hammer, Rev. Set. Instrum. 32, 93 (1961). 

<6> T, T. Sugihara and I. Halpern, Phys. Rev. 101, 1768 (1956). 

<’> J. H. Carver, R. D. Edge and K. H. Lokan, Proc. Phys. Soc. ( Lond.\ 70A, 415 
(1957). 

(8 > J. H. Carver and W. Turchinetz, Proc. Phys Soc. ( Lond .), 71 A, 613 (1958)- 73, 
69(1959). 

(9> J H. Carver. Private communication (1961). 
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For the production of 7 Be from 12 C the yield relative to die tantalum monitor 
reaction increased with energy up to 45 MeV. Hence, it was not considered legitimate 
to use Equation (2) for the estimation of the integrated cross-section. Instead the 
relative yields of 7 Be in the sample and tsoTa in the monitor were used with Equa¬ 
tion (1), the Penfold and Leiss tables of bremsstrahlung spectra < 10 > and the data of 
Carver and Turchinetz on the cross-section of the Ta reaction* 8 - 9 > to obtain values 

Table 1 —Comparison data for calculations 


Reaction 

E* 

peak energy 
(MeV) 

Integrated 

cross-section to 45 MeV 
(MeV-bams) 

Reference 

’Be (y, In) 7 Be 

24 


4 

B (y, pxri) 7 Be 

33 


Est. from threshold 

«8iTa (y, n) i 80m Ta 

14 

1 -6 ±0 3 

9 


for the integrated cross section of the 12 C (y, 2p3n) 7 Be reaction. The average yield ratios 
per target nucleus were calculated relative to the 181 Ta (y, n) 180m Ta and l2 C (y, n ) 
n C reactions. In order to determine the number of nuclei of sample and monitor 
in the beam it was assumed that equal areas of each were struck by the beam, and 
the number of nuclei of each type was calculated from the densities, molecular weights 
and isotopic abundances 

The net counting rates for the tantalum monitoring foils were plotted to obtain 
the intercepts used for the determination of relative yields. These semi-log plots were 
very close to straight lines and gave an average half-life of 8-19 hr, comparing well 
with the accepted value of 815 hr <3> 

Beryllium results 

Two beryllium rods were irradiated for periods of 4 hr in the bremsstrahlung 
beam at 45 ±2 MeV and subsequently counted in the well-type scintillation counter. 
The decay of the 477 keV peak was followed for 45 days and the data so obtained 
were analysed using a weighted least squares treatment With the use of Equation (2) 
the average of two values for the integrated cross section to 45 MeV was found to 
be 3 2± 1 -0 Mev-mbarns. 

Boron results 

Duplicate samples of powdered boron were irradiated at 45 MeV for periods 
of 6 hr each and counted as previously described. The integrated cross section for 
the production of 7 Be from boron was estimated with the help of Equation(2) giving 
the results shown in Table 2. For this calculation it was assumed that 10 B was the 
isotope involved in the reaction 

In the y-ray spectra of these samples, two peaks were visible at 130 and 830 keV 
which were considered to be due to impurities. From qualitative spectroscopic 
analysis of the boron and the observed y-ray energies, it is considered likely that 
the peak at 130 keV was due to 57 Co and the one at 830 keV to 54 Mn. These peaks 
were resolved, completely from the 477 keV peak of 7 Be and were neglected in the 
calculations. 

(10) A. S. Penfold and J. E. Leiss, Analysis of Photo Cross Sections. Physics Research 
Laboratory University of Illinois, Champaign (1958). 
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Table 2.—Relative yields* and integrated cross-sections for formation of 7 Be 


Material 

E 0 

n 

(days) 

Activity at 
end of irrad. 
(counts/min) 

\ E ° 

Jo °(E)dE 
(MeV mbars) 

Yield, rel. 
to Ta 
xlO 4 

Yield, rel. 
to C 
xlO* 

Be 

45 

57 

4530 

3-2 ±1 

12 ± 2 

8 ±2 

B 

45 

52 

953 

12 ±04 

3-2+0-6 

2 0 ±0-6 

HBOz 

45 

56 

108 

1-6 ±05 

4-3 ±0 5 

2-7 ±0 7 

C 

45 

51 

1987 

81 +2 6 

18 ±3 

12 ±4 

C 

40 

53 

1080 

5-2 ±1-6 

12+2 


C 

35 

59 

707 

2-5 ±0 8 

7+1 


C 

30 

56 

175 

0 5+02 

1 1 +0 3 



* Average of two experiments except for C at 30 MeV which is the result of a single 
experiment 


Carbon results 

Duplicate samples of carbon were irradiated at 45, 40 and 35 MeV maximum 
bremsstrahlung energy and a single sample at 30 MeV. The time of irradiation varied 
from 4 to 7 hr. Results of these experiments are summarized in Table 2. A second 
pair of samples was irradiated at 45 MeV for 30 mm and counted immediately m 
order that the 1 >C content might be determined and compared directly with the 
amount of 7 Be produced. The yield of 7 Be relative to the > 2 C (y, n) reaction was 
found to be 010±0 03. Comparison with the tantalum monitor was also made m 
these irradiations, giving a 7 Be/'«V"Ta ratio of (16±3)x 10 4 The y-ray spectra of 
these samples were identical with that of the standard 7 Be used for calibration pur¬ 
poses. The average half life of 7 Be as determined in all irradiations, including both 
carbon series, was 53 ±2 days. 

Irradiation of oxygen and aluminium 

In an attempt to see whether the energy available was sufficient to produce 7 Be 
as a spallation product from oxygen, samples of metabonc acid (HB0 2 ), cupric 
Gxide and silica were irradiated at 45 MeV. The metaboric acid showed the presence 
of the 477 keV peak in an amount expected for its boron content. The cupric oxide 
and silica did not show any peak at this energy, indicating that the reaction ' &O 
(y, 4p5n) 7 Be was not observed. 

Aluminium metal was also irradiated under similar conditions and observed with 
well scintillation counter. In this case there was a strong annihilation peak at 511 
keV with a half-life of approximately two years. Since these properties are 
characteristic of 22 Na and no isotopes of aluminium or magnesium with these 
properties are known, it was concluded that the reaction 27 A1 (y, 2p3n) 22 Na was 
observed. Its yield relative to the tantalum reaction at 45 Mev was estimated to 
be (14±3)x and relative to the 12 C (y, n) HC reaction (9±3)x 10" 2 . The peak 
at 511 keV did not show any distortion on the low energy side which could be 
attnbuted to the 477 keV y-ray of 7 Be and it seems unlikely that any 7 Be was 
produced in the irradiation of aluminium. 
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DISCUSSION 

It is noteworthy that the yield ratios for the production of 7 Be from carbon am 
higher than those for its production from 9 Be. The yield ratio for the production 
of 7 Be and ]1 C from 12 C shows that the reaction which gives rise to 7 Be is about 
10 per cent as probable as the (y, n ) reaction yielding n C. This seems surprisingly 
high. t .i 

A calculation of mass thresholds for various types of reactions usinfc the masses 
listed by Sullivan* 1 » shows the following; 

(a) For the reaction 9 Be (y, 2n) 7 Be, -Q m = 20-6 MeV. 

(b) For the production of 7 Be from 10 B and n B the values of -Q„ for all particle 
emission paths lie below 45 MeV, from 18-6 for the 10 B (y, t) reaction to 38-6 for 
the n B (y, p 3 n ) reaction. The present data do not provide sufficient information for 
any decision regarding the pathway, but it is probable that >°B is the parent isotope. 

(c) For the production of 7 Be from 12 C, the only paths which have mass thresholds 
below 45 MeV are the (y, an), (y, 5 He) and (y, td) reactions with the thresholds at 
26-3, 27-2 and 43-9 MeV respectively. Since 5 He is unstable with respect to 4 He and 
a neutron, its emission as a single entity seems unlikely. Over the range of energies 
investigated, the yield of 7 Be from carbon varied smoothly indicating that a single 
mechanism is involved for the reaction up to 45 MeV This fact and the nearness 
of its threshold to 45 MeV would appear to eliminate the (y, td) reaction from con¬ 
sideration Thus the reaction by which 7 Be is produced from 12 C appears to be 
the excitation of the 12 C nucleus followed by the ejection of an a-particle and a neutron. 
If the reaction proceeds with the a-particle emission step first, a neutron emitting 
state of 8 Be would be involved. If the neutron is emitted first, an a-emitting state of 
nC would be involved From the fact that the cross-section of the ,2 C (y, 2p3 n ) 
reaction is considerably larger than that for 9 Be (y, In) reaction (8 compared to 
3 MeV-mbarns) it would seem likely that the two reactions do not involve the same 
intermediates. Hence the pathway involving neutron emission first to an a-emitting 
state of * 1C would appear to be the most likely for the photoproduction of 7 Be from 
> 2 C. 

Acknowledgement — The authors wish to express their appreciation to Dr. A. J. Bureau 
and others of the synchrotron crew for their aid in the irradiations. 

(11> W. H. Sullivan, Trihnear Chart of Nuclides. U S. Govt. Printing Office (1957). 
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A MODEL FOR THE RATIONALIZATION OF SALINE AND 
METALLIC HYDRIDE FORMATION* 

T. R. P. Gibb, Jr. " 

Department of Chemistry, Tufts University, Medford 55, Mass. 

(.Received 2 September 1959; in revised form 19 September 1961) 

Abstract—The exothermic, reversible formation of solid hydrides from the elements is 
rationalized on the basis of a model in which the hydride consists of hydrogen anions and 
metal cations, the latter likewise engaging in metal-metal bonding in the metallic hydrides. 
The lattice energy is evaluated as the sum of the Madelung energy and this metal-metal 
interaction energy. Two empirical methods of estimating the latter are suggested, one 
involving crystal held stabilization. The total lattice energy so calculated is compare^ 
semi-quantitatively with the sum of the endothermic factors in a Bom-Haber cycle. The 
energy balance is favourable with few exceptions for hydrides known to form directly, and 
unfavourable for hydrides which evidently do not form directly from the elements. 

The action of hydrogen gas on some forty metals, including groups I-VI, the 
lanthanides and actinides, results in reversible exothermic formation of solids con¬ 
taining stoicheiometric or nearly-stoicheiometric proportions of hydrogen. The 
metals Be, Mo, W are exceptions in that they do not behave in this manner, and Pd 
is exceptional m that apparently it alone in the groups to the right of Group VI takes 
up hydrogen readily A few solid hydrides are known which are not formed by direct 
synthesis from the metals and which decompose irreversibly, e.g. hydrides of Be, 
Al, Ni, Cu and possibly Ge (GeH 2 ), together with several reported hydrides which 
are stable only at very low temperatures. 

It seems of interest to attempt a rationalization of these hydrides based on a 
model which, while not rigorous, does permit more or less quantitative estimations 
which would be extremely difficult on a more rigorous level The model chosen is 
one in which the principal contribution to the lattice energy is coulombic, i.e. Madelung 
energy, and therefore easily calculable by the method of Born et a/. (n In the case of 
metallic hydrides where electron delocalization is evidently present, it is assumed for 
simplicity that there remains an attractive metal-metal interaction similar to that in 
the original metal, but involving a smaller number of electrons. This interaction is 
further weakened by the increased metal-metal distance necessary to accommodate 
H- in the structure, as observed in the case of nearly all metallic hydrides In cases 
where (/-orbitals are involved, the stabilization due to splitting of the (/-orbital in the 
crystal field of H may be estimated by the same procedure used for lower-valent 
oxides, etc/ 2 - 3 * 

* This research was supported by the United States Atomic Energy Commission. 
Part of the substance of this paper was reported at the XVIIth International Congress of 
Pure and Applied Chemistry at Munich in September, 1959, as Paper A-227. 

,n (a) M. Born and J. E. Mayer, Z. Phys. 75, 1 (1932) et seq. 

(b) cf. J. Sherman, Chem. Rev. 11, 94 (1932) 

(2) D. E. O’Reilly, J. Chem. Educ. 38, 312 (1961). 

(3 » F. J. Morin, Bell System Tech. J. 37, 1047 (1958). 
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This model provides at least a rationalization of the energy of the formation of 
stoicheiometric (MH, MH 2 , MHj) hydndes as shown below and in the accompanying 
figures. The rationalization is merely the comparison of the relative magnitude of 
the endothermic steps of a Bom-Haber cycle with the lattice energy which must pay, 
energy-wise, for these steps. If the lattice energy calculated from the proposed model 
numerically exceeds the endothermic steps, the hydride is expected to form exother¬ 
mically. An additional lattice-energy contribution must be included for non-stoicheio- 
metric hydrides such as VH 1 . 63 , PdH 0 . 6 or the several lanthamde H-nch phases, 
MH > 2 for example, where vacancy-vacancy' 4 * or possibly H-vacancy interactions 
must be included. Stabilization due to the presence of vacancies results in the 
existence of several non-stoicheiometric hydrides, whose stoicheiometric H-content 
is not achieved at room temperature. Thus the limiting composition of the Pd-H 2 
system is about PdH 0 .6 at room temperature, but is PdHo.y at —78°C.< 5 > 

Lattice energy and the Born-Haber cycle 

Lattice energies are calculated from the Born-Lande or the Bom-Mayer equations 
'*>, neglecting van der Waals (attractive), and zeropoint contributions. When 
Madelung constants are not known, the approximate Kapustinskii equation 
is employed.' 6 * The constant p in the Born-Mayer equation is evaluated by 
two methods, viz. from the equivalence (1-1/n') = (1 -p/d) where n is the Born 
exponent (arithmetic mean from reference lb), and d the M-H distance: and by 
working backwards from the known heats of formation and internuclear distances 
in the alkali metal hydndes. The value of p = 0-46 is used herein, which is con¬ 
siderably larger, as one would expect, than the value of 0-345 generally employed for 
ions of higher atomic number Internuclear distances are taken from standard 
sources' 7 - 8 > or were determined experimentally by X-ray diffraction. Internuclear 
distances in unknown hypothetical hydndes are estimated.' 9 * Note that accurate 
prediction of internuclear distance generalizes the calculation of lattice energies to 
the extent that observed and predicted distances are substantially identical 

Ionization potentials are obtained from the N.B.S. Tables supplemented by 
calculated values from references < 10 ' n - 12 > Heats of sublimation of metals are 
taken from Stull and Sinke’s tables' 13 * and from Kittel.' 14 * Heats of formation, 

< 4) G. G. Libowitz, J. Chem. Phys. 27, 514 (1957). (An amplified and corrected version of 
this reference was presented at the International Conference on Nonmetalhc Crystals 
at Northwestern Univ. August 1961 ) 

(5 > Data of Perminov, Orlov and Frumkin, cf. P L Levine and K. E Weale, Trans 
Faraday Soc. 56, 357 (1960). 

'** A. F. Kapustinskii, Quart. Rev (. Lond.) 10, 283 (1956). 

' 7 * W. B. Pearson, A Handbook of Lattice Spacings and Structures of Metals and Alloys 
Pergamon Press, New York (1958) 

'** R- E. Elson, H. C Hornig, W L. Jolly, J. W Kury, W J. Ramsay and A Zalkin, 
UCRL 4519 Rev. (1956). 

<»> T. R. P. Gibb, Jr. and D. P. Schumacher, J. Phys. Chem. 64, 1407 (1960). 

(l0 > L. L. Quill (Editor), Chemistry and Metallurgy of Miscellaneous Materials, Thermo¬ 
dynamics. McGraw-Hill, New York (1950). 

U1 * W. Finkelnburg et al., Naturwissenschaften, 42, 35 (1955); Phys. Rev. 77, 303 (1950) 

UI * M. A. Elyas HE vich, Spectra of Rare Earths. Government Press, Moscow (1953). 

* 13 * D. R Stull and G. C. Sinke, Thermodynamic Properties of Elements, Amer. Chem. 
Soc. Washington, D.C (1956). 

,l4 * C. Kittel, Introduction to Solid State Physics, p. 89. J. Wiley, New York (1957). 
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when necessary, are from reference < 8> or calculated from equilibrium pressures by 
the van’t Hoff equation. The electron affinity of hydrogen is taken to be —16*5 
kcal/g-atom add the dissociation energy of hydrogen to be +51 -5 kcal/g-atom. 
Thus the energy required to convert a gramme-atom of metal and M/2 mote of 
molecular hydrogen to gaseous M n+ and nH“ ions is given by Z.+/ B -t-35-0 n where 
L is the latent heat of sublimation of the metal, I„ is the ionization potential summed 
to the ion charge n. This energy requirement is plotted as x in the figures. When 
the gaseous ions condense to form the postulated ionic hydride, the exothermic 
energy is the lattice energy of that solid whose calculated value is plotted as open 
circles in the figures. If the hydride is truly saline and is formed exothermically, the 
open circle should be above the x, the difference in height being the heat of formation 
of the hydride. In view of the approximate nature of the calculated energies in 
most cases, the difference between these rather large numbers is not given numerical 
significance here. The relative positions of the x and o symbols in the figures serve 
to indicate trends in the heat of formation. The figures do not include crystalline 
trihydridcs, which are reported for Group III (A and B), the lanthanides, and some 
actinides. For AIH 3 , the ionic model predicts a heat of formation close to zero, the 
other members of Group IIIA have predicted endothermic heats of formation. 
SCH 3 and YH 3 are predicted by the model to be formed exothermically. In the 
lanthanide and actinide series, the necessary constants for a Bom-Haber calculation 
are not available except for a few elements whose trihydrides are predicted to be 
formed exothermically, in agreement with observation. 

Contribution of metal-metal interaction to the lattice energy 

It is evident that in the metallic hydrides to the right of Group Ill the full bonding 
potentialities, i.e the maximum valences of the metal, are not realized in an ionic 
model The exothermic Madelung energy from the formation of an ionic lattice 
involving H” and metal 10 ns of maximum charge is not sufficient to overcome the 
higher ionization energies of the metal, so that TiH 3 and T1H4, for example, are not 
formed We suggest that in the metallic hydrides, e.g T 1 H 2 , the unused orbitals 
(here principally rf-orbitals) of the metal are involved in covalent or metallic metal- 
metal bonding. The expanded metal lattice in the hydride is then held together by 
similar forces to those m the original metal, but diminished by the increased inter- 
metallic distance and by the loss of some of the outer electrons to hydrogen. Naively, 
one may assume that the energy contributed by such bonding is proportional to the 
cohesive energy of the metal, the number of available electrons and inversely propor¬ 
tional to some function of the internuclear distance such as given by the Morse 
function or 6-12 relation. For the purpose of this correlation, and particularly since 
one is dealing with metal-metal distances only a few per cent larger than in the original 
metal, the latter function may be simplified to l/d x where d is internuclear distance 
and x is between 1 and 2. The higher exponent is more likely, inasmuch as the 
attenuation of metal-metal attractive energy is due both to increasing internuclear 
distance and the presence of intervening or partially-intervening H - 10 ns. The 
residual metal-metal cohesive energy C/ MM in the hydride is then given as. 

^MM = ^MM ( Z M _n )/^MMH Z M 

where L is the cohesive energy of the metal, d MM the intermetallic distance in the 



metal, <f MMH is the intermetallic distance in the hydride, z M the number of electrons 
involved in bonding in the metal, and n is the HjM atomic ratio. It should be pointed 
out that this gross oversimplification is permissible only because the metal-metal 
interaction energy is usually small relative to the lattice energy, and because quan¬ 
titative results are not needed for present purposes. The value of r M has been taken 
as the Pauling metallic valence of the metal. Data for a more rigorous approximation 
are lacking for all but a few metals and the unsettled state of modern theories of 
alloys< 15) indicates that it will be some time before really rigorous calculations of 
such an interaction energy \yill be feasible. No central-force model appears applicable 
to metals. 




Fra. 2. 

(1S » R. A. Oriani, J. Phys. Chem. Solids, 2, 327 (1957). 
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Figs. 1-4. —The figures show the Medelung energy of real and hypothetical 
mono- and di-hydrides as open circles, the sum of Madelung and empirically 
calculated metal-metal interaction energies as solid circles, the sum of 
Madelung and crystal field stabilization energies as plus signs. The opposing 
energies calculated as the sum of the endothermic steps of a Born-Haber cycle 
are shown as x. Elements forming monohydrides are underlined. Those 
forming dihydndes are double underlined. (The full stoicheiometry may not 

be achieved.) 

Figs. 1-4 show as black circles the sum of the metal-metal interaction energy 
estimated by the above equation, and the Madelung energy. It is clear that this 
sum gives a much better rationalization of the existence of six known hydrides of 
Groups V and VI and of the heat of formation of several others, notably from 
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Groups III and IV. On the other hand, it indicates an exothermic formation of GeH 2> 
InH, SnHj, GaH, and C 0 H 2 , none of which is known to form exothermically. 
The estimation of internuclear distances in the first three of these compounds is 
particularly unreliable, which may account for large errors in the predicted lattice 
energy. It is also evident that the assumed metal-metal interaction energy makes no 
provision for directed bonding, which is certainly present in the original metals. 

Crystal field stabilization energy 

The foregoing suggestion that an attractive metal-metal interaction exists in 
partly ionic solids is also made m current discussions of crystal field theory. < 2 - ">. 1 7 , is> 

In this theory, interpreted simply, the repulsion of anion neighbours (here H~) in 
the lattice may “squeeze out” metal orbitals oriented towards next- nearest neighbour 
metal ions, so that these orbitals have lower energies. Metal-metal (“covalent”) 
attractive interaction along these directions is energetically favoured provided the 
orbitals are appropriately oriented, and available for bonding. The crystal field 
stabilization energy (C.F.S.E.) for an octahedral environment, assuming a small 
field and maximum spin, is given as a parameter — D q multiplied by 4 r-6 e where 
in the octahedral case, t is the number of electrons in the t 2g orbitals and e is the 
number of electrons m the antibonding e-orbitals. For a tetrahedral environment 
the higher and lower energy orbitals are interchanged and the D q reduced by a factor 
of about and for a cubic environment D q is reduced by a factor of about | 
(reference 17, p. 415). It is reasonable that the crystal field due to H~ is not as large 
as that due to F _ or O 2- so that the assumption of a weak field and consequent 
maximum spin is likely. (This, however, is being examined experimentally ) Estima¬ 
tion of D q by an equation involving the effective radius of the d electrons is probablynot 
warranted in the case of metallic hydrides, and no experimental (spectroscopic) 
values are available. One may, however, use the C.F.S.E. of the crystallographically 
similar fluorides and oxides to estimate a value for hydrides. The spectroscopic 
value of D q for divalent oxides, fluorides and hydrates" 9 ) of the left-hand portion of 
the period Sc-Cu is reasonably consistent, so that an average value of 3-8+0 3 
kcal mole for Sc, Ti, V, Cr and an average value of 2-7+01 for Fe, Co and Ni may 
be used. The higher value is again applicable to Cu at the end of this period. More 
accurate treatment appears not to be justified at present, since the C.F.S.E. calculated 
thermodynamically is considerably higher than that observed spectroscopically, at 
least for several oxides (2> and fluorides." 7 - 18> The assumption is made that the 
value of D q for compounds of H" is about \ that for F - and O', in keeping with 
the lower electronegativity of H which is partly offset by the tenuousity of the electron 
distribution about H". It is also assumed, following Orgel (reference 18, p. 45) that 
the value of D q increases about 30 per cent in the second period and an additional 
30 per cent in the third period. The ease of spin-painng also increases in descending 
to the lower periods and it is likely that in the field of H~, pairing may occur in the 
higher atomic number inner transition metal hydrides, although in such cases the 
C.F.S.E. is more difficult to estimate and no estimations are made for the low-spin 
cases. 

U6) cf - w - MoFfitt and C. J. Ballhausen, Ann Rev. Phys. Chem. 7, 107 (1956) 

(l7 > P Georoe and D. S. McClure, Progress lnorg. Chem. 1, 381 (1959). 
n,) L. E. Oroel, Transition Metal Chemistry. J. Wiley, New York (1960) 

D. Polder, Physica 9, 709 (1942). 
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Table 1.—Estimated c.f.s.e. values (kcaljper mole) for actual and 

HYPOTHETICAL DIHYDRIDES 



D 4 

Multiplier 
Octahed. Cubic 

C.F.S.E. (rounded) 
Octahed. Cubic 

ScH 2 

2-5 

4 

6 

10 

13 Jt 

TiH 2 

2-5 

7 

12 

17 

27 

vh 2 

2 5 

12 

7 ■' 

30 

16 r 

CrH 2 

2’5 

6 

4 

15 

9 

MnH 2 

— 

0 

0 

0 

0 

FeH 2 

1 8 

4 

6 

7 

10 yr 

CoH 2 

1 8 

7 

12 

13 

19 

NiH 2 

1 8 

12 

7 

22 

11 

CuH 2 

2 5 

6 

4 

15 jt 

9 

ZnH 2 

— 

0 

0 

0 

0 


In Table 1 the crystal field stabilization energies estimated in accordance with 
current practices and the above assumptions are listed for the divalent metal hydrides, 
real and hypothetical, of the first period. Those configurations which are particularly 
likely to show Jahn-Teller distortions are indicated by the symbol jt. Since the majority 
of known dihydrides have the fluorite structure or an approximation thereof, it is 
reasonable to assume a cubic environment. For the hypothetical dihydrides from 
MnH 2 to ZnH 2 , however, no a priori choice of structure has been made, but the 
maximum C F.S.E. is taken. 

The C.F.S E values from Table I added to the estimated lattice energy are plotted 
as small + signs in Fig 2. Note that the C F.S.E. trends are in the right direction to 
account for the formation of hydrides by elements to the left of Mn, although it 
would appear that the C.F S.E. for VH 2 IS too low and for hypothetical FeH 2 and 
CoH 2 slightly too high. Values of the C.F.S.E. for periods II and III have been 
calculated in the same way and the highest reasonable value added to the lattice 
energy to give the points represented as + signs in Figs. 3 and 4. It is evident that 
the C.F.S.E improves the rationalization of the known hydrides of Groups III, IV 
and V (notably HfH 2 ), but is not of sufficient magnitude to alter the predictions 
based on lattice energy alone for other (hypothetical) dihydrides. 

It is difficult to perform the same sort of estimations for the monohydndes, 
since no D q values are available for halides of the univalent cations (Group II—VIII). 
Moreover, it is likely that the foregoing considerations are not applicable if the j-level 
is partly occupied. Presumably hybridization would occur and, naively, increased 
stability should be observed for d i s, d 4 s , d*s and d 9 s l , the former due to hybridization 
and half-filling of the rf-orbitals as in VH and Cr + H", the latter due to near-filling 
of the c/-orbitals in NiH and Cu + H~ These are just the monohydrides which reqoire 
extra stabilization according to Fig 2, since VH, CrH, NiH and CuH have been 
reported although the latter decomposes at room temperature and NiH is also 
unstable. In the second period similar stabilizations are needed to rationalize NbH 
and PdH< t , but the gap between the lattice energies and x-factors (Fig. 3) is so large 
for MoH and AgH that these hydrides are not likely, nor indeed have they been 
found The same considerations apply to WH and PtH, but the well known TaH-i 
remains anomalous. It is tempting to extend the C.F.S.E. estimation employed for 
divalent ions to isoelectronic ions of smaller charge, and with an increased D gy but 
there is no acceptable reason for doing this. 
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SUMMARY AND DISCUSSION 

Two obvious points concerning the suggested model remain to be further clarified ■ 
evidence for the primarily hydridic (as opposed to protonic or covalent) character 
of hydrogen in metallic hydrides, and evidence that neglect of the screening of the 
ionic charges by conduction (or metallic) electrons is justified. The first of these 
points will be dealt with elsewhere (see also reference 4 and 20), but the second is 
justified, in part at least, by the lack of any major energy change (AH) accompanying 
the sudden appearance of metallic character in sulphides* 2 ” or in oxides* 22 * as the 
non-metal content is decreased. The lattice energy of many such compounds is 
given fairly accurately by the Bom method, whether the substance is a conductor 
or not. Furthermore, there is some question as to the actual number of conduction 
electrons, since one would expect many “metallic” oxides, sulphides and hydrides 
to conduct by a vacancy mechanism. 

The assumption that the energetics of hydride formation are primarily due to 
Madelung energy supplemented by metal-metal bonding, provides a rationalization 
of the existence of most primary hydrides and interprets the hydrogenation-catalytic 
ability of Mo and the Group VIII elements whose hypothetical hydrides are predicted 
to have close to zero heat of formation. The uncertainties arising from the ap¬ 
proximate nature of the Born-Haber and Madelung energy estimations are generally 
considerably less than the proposed additional contributions, and are small compared 
to the total cohesive energy. The oxidation number of the cation is uncertain for the 
Ga and Ge groups particularly, and the lattice energies are correspondingly less 
reliable for these groups. The predicted Madelung energies for unknown hydrides 
are obviously subject to large errors and serve mainly to indicate trends Several 
hydrides predicted by this rationalization have subsequently been prepared (VH~ 2 , 
NbH 2 , GeH 2 ) and others whose prediction is indecisive have been reported (A1H,, 
NiH). 

It should be kept in mind that the choice of an ionic model is dictated by the 
difficulty of estimating cohesive energies by other means The model is naive at the 
moment, but suggests the means for its improvement through more careful evaluation 
of lattice energies and refinement of the evaluation of metal-metal interaction energies 
The crystal field stabilization energy has the particular merit that it includes direc¬ 
tional character which is obviously necessary to the explanation of observed distor¬ 
tions of hydride crystal structures. Further, it provides maximum stabilization in 
just those periodic groups where hydride formation occurs. Evaluation of D q by 
reflexion-spectroscopy and confirmation of the weak-field maximum-spin assumption 
by magnetic measurements should greatly aid in the quantitative application of the 
theory to the metallic hydrides. 

<20 > R. A. Oriani, E. McCliment and J. F. Youngblood, J. Chem. Phys 27, 330 (1957) 

1211 cf. M. Laffitte and J. Benard, XVlth Congress International Union of Pure and Applied 
Chemistry Pans (1957); The Physical Chemistry of Metallic Solutions and Intermetallic 
Compounds, p. 418. Chem. Publishing, New York (1960) 

< 22 > F. J. Morin, Phys. Rev. 3, 34 (1959). 
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THE MOLECULAR AND CRYSTAL STRUCTURE OF 
THALLIUM (I) METHOXIDE* 

L. F. Dahl, G. L. Davis, D. L. V^amplerI and R. West 
Department of Chemistry, University of Wisconsin, Madison 6 , Wisfconsin 

(Received 31 July 1961; in revised form 5 October 1961) 

Abstract —An X-ray single-crystal structural study of thallium (I) methoxide, TIOCH 3 , has 
yielded the thallium arrangement along with a proposed over-all configuration of the 
molecule. Thallium (I) methoxide is orthorhombic with a = 13 80 A, b =6-98 A, and 
c = 13-66 A. The probable space group is Pca2\\ the unit cell contains sixteen TIOCHj 
species. Two-dimensional Patterson and Fourier projections and least squares analyses 
gave the atomic positions of the heavy thallium atoms; the X-ray data were not sufficient 
to allow detection of the methoxide positions. 

Crystalline thallium (I) methoxide consists of tetrameric molecules in which the thallium 
atoms are at the corners of a regular tetrahedron In this structure the average Tl-Tl distance 
is 3-84 A. A structure is proposed for (T!OCH 3)4 in which thallium and methoxide groups 
each occupy the corners of two interpenetrating concentric tetrahedra of different size 
resulting in a distorted cube such that the Tl-O-Tl angle is > 90° and the O-Tl-O angle 
is < 90°. 

Thallium(I) alkoxides were first prepared by Lamy nearly one hundred years ago.* 1 ) 
Unlike the alkali metal alkoxides, which are ionic solids, most of the thallium com¬ 
pounds are liquids with low volatility. Freezing point depression measurements 
have shown that thallium(I) alkoxides exist as tetranuclear compounds in benzene 
solution.< 2) Recent boiling point elevation experiments* 3 * confirm the tetrameric 
nature of thallium(I) alkoxides in solution and indicate that the degree of polymer¬ 
ization apparently is not affected by the size and shape of the alkyl substituent. In 
contrast, branching of the alkyl group stencally hinders association and lowers the 
degree of polymerization for many other covalent metal alkoxides.* 3 * 

On the basis of their molecular weight determinations, Sidgwick and Sutton* 2 * 
proposed a cubic structure for the tetrameric thallium(I) alkoxide molecules. Although 
no direct support for the Sidgwick-Sutton structure has appeared, it has been 
frequently reprinted* 3 - 4 > and widely accepted. 

* Presented in part at the National Meeting of American Crystallographic Association 
at Washington D.C., January 1960. 

f National Science Foundation Predoctoral Research Fellow. 

(1 * A. Lamy, Ann. Chim Phys. 67, 365 (1863) 

<2 > N. V. Sidgwick and L. E. Sutton, J. Chem. Soc 1461 (1930). 

<3 > D. C. Bradley, Metal-Orgamc Compounds , American Chemical Society Advances m 
Chemistry Series, 23, 10 (1959). 

* 4 ' See, for example, M. J. Emeleus and J. S. Anderson, Modern Aspects of Inorganic 
Chemistry (2nd Ed.), p 119 Van Nostrand, New York (1952), A. F. Wells, Structural 
Inorganic Chemistry (2nd Ed), p 635. Clarendon, Oxford (1950); N V. Sidgwick, 
Chemical Elements and Their Compounds, p. 485. Clarendon, Oxford (1950); R. J. 
Gillespie and R. S. Nyholm, Quart. Rev. 11, 367 (1957); W. HOckel, Structural 
Chemistry of Inorganic Compounds, p. 149. Elsevier, New York (1950). 
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The present X-ray diffraction investigation was undertaken to obtain more 
definite evidence for the structure of thallium(I) alkoxides. Thallium(I) methoxide 
was chosen for study because it is a solid at room temperature.* This compound was 
obtained by the action of methanol on thallium(I) ethoxide which was prepared from 
thallium metal and ethanol m the presence of air. 

EXPERIMENTAL PROCEDURE 
(a) Preparation and analysis 

Thallium(l) ethoxide. The method of preparation used was an improvement over that 
of Sidowick and Sutton . 12 ' 1 Thallium metal was beaten with a hammer into a thick foil 
and then cut into turnings with scissors In a specially built apparatus (Fig. 1) 30-6 g 
(0 15 g atom) of freshly-cut thallium was suspended in a Gooch crucible over refluxing 
ethanol while a slow stream of dry, CO 2 free air was passed through During 16 hr of 
refluxing most of the thallium reacted to form thallium(I) ethoxide, which dripped through 
the crucible into the reflux pot. The ethanol was cooled to room temperature, and the lower 
layer of thallium (I) ethoxide was separated as a heavy oil The yield of crude ethoxide 
containing some ethanol, was 18 g (50 per cent) For infra-red spectral work the ethanol 
was removed by pumping on the crude ethoxide 



F10. 1 —Apparatus for the preparation of thallium (I) ethoxide 

Thallium (/) methoxide Crude thallium (I) ethoxide was added to approximately twice 
its weight of dry methanol. A white precipitate of thallium (I) methoxide formed im¬ 
mediately After a few minutes the alcohol was decanted and the thallium (I) methoxide 

* The tetramenc nature of thallium (I) methoxide in solution has been firmly established * 2 > 
However, it shot)Id be noted that association in the solid state may differ from that in 
solution .* 5 a* 

<5> M E. Kenney and A W Laubenoayer, J Amer Chem. Soc. 76, 4839 (1954). 

*«> G. S Smith and J. L. Hoard, J Amer Chem Soc 81, 3907 (1959) 
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was twice recrystallized from dry benzene to give colourless prisms. The crystals could he 
kept far several months under benzene without serious decomposition, although they 
decompose very rapidly in air. They were dried in vacuo as needed. The substance was 
analysed gravimetricaily by precipitation of thallium as thallium chromate. (Found: 
Tl, 86-4, 85-9 per cent. Calc.: for TIOCH 3 : Tl, 86-8 per cent.) 


(b) Infra-red spectra of thallium (I) alkoxides ,1 

Thallium (I) methoxide and ethoxide were both studied in the 625-4000 fcm -1 region. 
The spectrum of thallium (I) methoxide as a mull in white petroleum oil was obtained; 
thallium (1) ethoxide was examined as a liquid film between sodium chloride plates. By far 
the strongest band in both spectra is the one at 1030 cm -1 which is probably due to the 
C-O stretching vibration.* 7 ) Both compounds show the usual C-H stretching absorptions 
near 2950 and O-H bending modes at 1450 and 1380 cm - ', although these bands are partly 
obscured by mull bands in the case of the methoxide. The methoxide has weak bands of 
unknown origin at 720 cm -1 and at about 620 cm -1 , while the ethoxide shows a prominent 
band at 870 cm -1 . 


(c) Isolation of single crystals and collection of X-ray data 

Crystals were quickly removed from benzene and immersed in vaseline without allowing 
the protective film of benzene to evaporate completely. They were then loaded into Linde- 
mann glass capillaries which were subsequently sealed. The crystals were found to decompose 
in the X-ray beam after several exposures. Although MoA'a radiation was tried, suitable 
X-ray pictures were obtained only with CuAfa radiation. In addition most of the crystals 
were found to be twinned. As a result of these difficulties two-dimensional Weissenberg 
intensity data were obtained for the (hoi) and ( okl) zones from two crystals together with 
limited three-dimensional data from other crystals by application of the usual multiple 
film technique The intensities were visually estimated with a calibrated standard set of 
intensities and corrected for Lorentz and polarization effects. 

(d) Structural determination 

Weissenberg and precession X-ray pictures taken with CuKa radiation revealed the 
crystals to be orthorhombic with lattice constants a = 13 80 A, b = 6 98 A and c = 13 -66 A. 
Sixteen TIOCH 3 species per unit cell give a calculated density of 4 75 g/cm\ The indexed 
data showed the occurrence of the following systematic absences: {okl} for / odd; {hoi} for 
h odd; and {ool} for / odd The indicated probable space group Peal\ (CJ„) was confirmed 
by the structure ultimately found. Since the space group Pca2\ contains four general 
equivalent points (le. x, y, z; x, jp, i+z; |— x, y, i + z; i+x, y, z), the positions of four 
thallium atoms had to be determined 

The thallium atoms were located from Patterson and Fourier projections and were 
refined by the method of least squares on an IBM 650 computer.* 8 * The scattering factors 
used for Tl are those of James-Brindley* 9 * corrected for dispersion.* 10 ) 

The electron-density maps and corresponding unit cell projections are given in Figs. 
2 and 3 The asymmetric part of the projected unit cell is outlined by dotted lines. The 
[ 010 ] electron-density map clearly shows the tetrameric arrangement of the thallium atoms. 
Although the thallium atoms overlap on the [100] electron-density map, the tetrameric 
molecules still can be discerned 

* 7 ) L. J. Bellamy, The Infra-red Spectra of Complex Molecules (2nd Ed.), Chap. 7. Methuen, 
London (1958). 

* 8 > M. E. Senko and D. H. Templeton, A Crystallographic Least Squares Programme for 
the IBM 650 Computer , University of California Radiation Laboratory (1956). 

1,1 Internationale Tahellen zur Bestimmung von Kristallstrukturen , Rev. E. Band 2, p. 573. 

Gebruder Bomtraeger, Berlin (1944). 

(10i C. H. Dauben and D. H. Templeton, Acta Cryst. 8, 841 (1955). 



Fig. 2 —(a) [010] Fourier projection 

(b) [010] Projection of T1 atoms. 



Fig. 3.—(a) [100] Fourier projection. 

(b) [100] Projection of T1 atoms. 
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The final x and z positional parameters woe obtained for the four asymmetric thallium 
atoms from least squares refinement of the (hoi) data.’ The y parameters then were obtained 
from least squares analysis of the (okl) data; lade of resolution limited the usefulness of 
these latter data, but structure factor calculations for (Mf)> (hll), (2kl) reflexions based on 
the final parameters showed good qualitative agreement with the observed intensities and 
also eliminated possible ambiguities of structure imposed by consideration of only axial 
projections. For instance, since (hoi) data for which h = In +1 are systematically absent, 
in projection the origin can be shifted by a/4. However, examination of general reflexions 
for which h = 2n +1 clearly showed the correct choice of x co-ordinates. The common 
z co-ordinates for both zones agree to within one standard deviation. The final discrepancy 
factor, Ri = (£j|Fo| - |Fc||/^|Fo|) x 100, based only on observed reflexions is 13-7 per cent 
for the (hoi) data and 15-9 per cent for the (okl) data.* 

Since the crystals dissolved somewhat in the vaseline and possessed irregular shapes, 
no absorption corrections were applied to the intensity data; the effect was minimized as 
much as possible by the use of small crystals The final parameters and their standard 


Table 1.—Final parameters, standard deviations, and atom temperature factors 


Atom 

X 

y 

z 

a(x) 

o' O) 

«r(z) 

B( A 2 ) 

Tl, 

0 243 

0-500 

0 000 

0-001 

0-002 

0-002 

0-17 

Tl 2 

0 481 

0 485 

0-143 

0 001 

0 003 

0-001 

0 13 

Tl 3 

0 256 

0-221 

0 241 

0 001 

0-002 

0-002 

0-21 

TU 

0 389 

0-028 

0-016 

0 001 

0-002 

0-001 

0-26 


deviations* 1 >> are listed in Table 1. The individual isotropic temperature factors given are 
the unweighted averages of the results of the two least squares refinements. Table 2 lists 
the intramolecular and intermolecular Tl-TI distances and their probable errors * ,2 > 

Table 2.— Nearest interatomic Tl-TI distances 


Intramolecular 


Tl i-T1 2 

3-81 ±0-02 A 

ti,-ti 3 

3 83+0 02 

TI1-TI4 

3-86+0-02 

T1j-T1 3 

3 86 ±0 02 

T12-T14 

3-84 ±0-02 

Tl 3 -Tl4 

3 83 +0-02 

Intermolecular 

Tl i-3 Tl 

4 04, 4-11,4 20 A 

Tlj-3 Tl 

4-11,4-36,4 52 

Tl 3 -3 Tl 

4-04, 4 -46,4-52 

TU-3T1 

4 20, 4 36,4 46 


* A record of the 106 (hoi) structure factors (7 of which were unobserved) and 62 (okl) 
structure factors (4 of which were unobserved) and the calculated structure factors has 

been deposited as a Document with ADI Auxiliary Publications project, Photo-duplication 
Service, Library of Congress, Washington 25, D.C., USA. 

* 11 * D. W. J. Cruickshank, Acta Cryst. 2, 154 (1949). 

(12 > D. W. J. Cruickshank and A. P. Robertson, Acta Cryst. 6, 698 (1953). 
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DESCRIPTION OF THE STRUCTURE 

Crystalline thallium methoxide consists of tetrameric molecules, [TlfOCHj)^, in 
in which within expenmental error the thallium atoms are at the corners of a regular 
tetrahedron. The average intramolecular Tl-Tl distance is 3-84 A. The X-ray 
intensity data obtained are not sufficiently sensitive to allow the determination of the 
methoxide positions in the presence of the heavy thallium atoms. 

The configuration of the thallium atoms is consistent with the structure proposed 
by Sidgwick and Sutton. < 2) In their structure the thallium and oxygen atoms 
occupy the eight corners of a cube formed by two regular, equal-sized, interpenetrating 
concentric tetrahedra of thallium and oxygen atoms. Each thallium atom is equally 
bonded to three oxygen atoms. Each oxygen is bonded to three thallium atoms and 
a methyl group. This four-co-ordinated oxygen with three 90° bond angles appears 
most unlikely. Furthermore, in basic beryllium acetate* 131 (Be 4 0(OOCCH3)6), the 
only four-co-ordinated oxygen compound whose structure has been unambiguously 
determined by X-ray diffraction, the oxygen atom is tetrahedrally co-ordinated. 

We feel that the structure is better represented by a distorted cube in which the 
oxygen atoms occupy the corners of the smaller tetrahedron (Fig. 4). This distortion 
is achieved by pushing the oxygen atoms m along the threefold axes of the cube 
resulting in a Tl-O-Tl angle greater than 90° and an O-Tl-O angle less than 90" 
Trimethylplatinum chloride, [(Ch^PtCl^, has a similar structure. 114 * The platinum 
and chlorine atoms occupy corners of two interpenetrating concentric tetrahedra of 
different size resulting in a Pt-Cl-Pt angle of 97|° and a Cl-Pt-Cl angle of 821°. 



To ascertain the packing for thallium(I) methoxide a three-dimensional molecular 
model of the unit cell was constructed to scale from the refined thallium positions 
and estimated methoxide positions. The structure was found to be most reasonable 
from packing considerations, and yielded satisfactory van der Waals distances of 

< U) A. Tulinsky and C. R. Worthington, Acta Cryst. 12, 626 (1959). 

< l4) R E Rundle and J H. Sturdivant, J. Amer Chem. Soc 69, 1561 (1947) 


„f t , ' / r ' 4 ' i - r ‘ < v , 1 V '' ' 
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f j 

approximately 4 A for the methyl-methyl contacts.* 14 * Our proposed molecular 
model is in accord with the apparent lack of steric hindrance of the alkoxide groups 
to tetranuclear association.< } > 

The structure for thallium(l) methoxide is unusual for thallium(I) since all other 
thallium(l) compounds known, including the halides, nitrate, and sulphate, have 
co-ordination number six or eight. In these latter cases the thalliurp(I) acts as a 
pseudo-alkali metal ion. The exact positions of the methoxide groups probably can 
best be determined by neutron diffraction studies. 

Acknowledgement —The authors wish to thank Miss H Whittaker for assistance with the 
preparation of the thallium (I) alkoxides used m this study and also are grateful to the 
Research Corporation for financial support obtained from a Frederick Gardner Cottrell 
grant. 

(15 > L. Pauling, The Nature of the Chemical Bond, Cornell University Press, Ithaca, New 
York (1960). 
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INORGANIC CO-ORDINATION POLYMERS—I 

GENERAL CONSIDERATIONS 

B. P. Block and G. Barth-Wehrenalp 11 , 

Research and Development Department, Pennsalt Chemicals Corporation, Wyndmoor, Pa. 

( Received 14 September 1961; in revised form 30 October 1961) 

Abstract—Synthetic approaches to co-ordination polymers are classified as condensation 
polymerizations, addition-type polymerizations involving co-ordinatively-unsaturated inter¬ 
mediates, and degradation polymerizations. The first two classes are further subdivided 
into homocondensations and heterocondensations and into elimination-additions, sub¬ 
stitution-additions, oxidation-additions, redistribution-additions and rearrangement- 
additions, respectively. These various classes are discussed. 

In our Laboratories we are investigating the synthesis of inorganic co-ordination 
polymers, where we define co-ordination polymers as substances with repeating units 
containing atoms in the backbone acting as acceptors in co-ordinate covalent bonds. 
This definition is more restrictive than that used by Sowerby and Audrieth,* 1 * 
“polymeric materials containing co-ordinated metal ions”, for it excludes polymers 
which do not contain co-ordination centres in the backbone such as 
[—CH 2 CH(C 5 H 4 FeC 5 H 5 )— ] x .< 2 > We do not include the latter type in our definition, 
for the co-ordinated portion is not an integral part of the polymer backbone, but 
rather an adjunct to a substance which is a polymer in its own right. 

To systematize our synthetic approaches to co-ordination polymers we have 
formulated a classification scheme which we wish to present in this initial com¬ 
munication in order to provide the framework for succeeding papers in this series, 
in which we will report the results of our studies. Sowerby and Audrieth* 1 * and 
Berlin and Matveeva < 3) have also presented such schemes for somewhat different 
situations. Their treatments were, however, less detailed because of the nature of 
their reviews 

Broadly speaking, organic polymerization reactions are classified as condensation 
or addition reactions. These two types of reactions involve the elimination of small 
molecules between units m the first case and the union of unsaturated molecules in 
the latter. In general, the central element of a co-ordination compound does not 
form double or triple bonds leading to the chemical behaviour classed as unsaturation 
in organic chemistry, so that addition polymerization in the foregoing sense is not 
expected for co-ordination compounds. There is another kind of unsaturation 
conceivable in co-ordination compounds, co-ordinative unsaturation, in which there 
are not sufficient ligands present to meet the co-ordination number requirements of 
the co-ordination centre. In the classification that follows the addition-type poly¬ 
merizations can be pictured as involving the creation of co-ordinative unsaturation 
and its satisfaction by polymerization. 

,n D. B. Sowerby and L. F. Audrieth, J. Chem. Educ. 37,134 (1960). 

(2) F. S. Arimoto and A. C Haven, Jr., J. Amer. Chem. Soc. 77, 6295 (1955). 

(,) A. A. Berlin and N. G, Matveeva, Russ. Chem. Revs. 29, 119 (1960). 
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The term “condensation polymerization” will be used in the same sense that it 
is for organic polymerization, i.e„ to designate those reactions in which small 
molecules are split out between molecules. We propose two classes of inorganic 
condensation polymerizations: “homocondensations" and “heterocondensations”, 
referring to reactions in which the elimination takes place between like molecules and 
between different kinds of molecules, respectively. Examples of both these classes 
have been reported in the literature Joyner and Kenney found* 4 ) that the compound 
Ge(C 32 Hi 6 Ng)(OH) 2 , where is the phthalocyanine anion, loses water 

when heated, presumably forming (—Ge(C3 2 Hi6Ng)0 —) x . This reaction, by defini¬ 
tion, is a homocondensation. There do not seem to be any simple examples of 
heterocondensation polymerizations leading to co-ordination polymers known, 
although several reactions which probably should be so classified have been reported. 
For illustrative purposes a reaction which has been attempted in our Laboratories 
will be used. The desired reaction was to take place between [Pt(N) 2 ] 
and (C 6 H 5 ) 2 SiCl 2 by splitting out HC1 to yield (—Pt(NH3) 2 Cl 2 OSi(C6H 6 ) 2 0—),, 
It will be noted that in this reaction the co-ordination sphere about the metallic 
element would not be disturbed 

The second broad class is that of “addition-type polymerizations.” This term 
will be applied to reactions which can be pictured as involving co-ordinatively 
unsaturated intermediates in the formation of the backbone. Obviously all homo- 
condensations as well as those heterocondensations in which the co-ordination sphere 
of the metal is disturbed must involve co-ordinatively unsaturated intermediates, but 
in deference to established usage these classes will be arbitrarily maintained for 
reactions obviously analogous to organic condensations. There are different addition- 
type polymerizations conceivable accordingly, we have made the following sub¬ 
division based on different ways of achieving co-ordinative unsaturation; elimination- 
addition, substitution-addition, oxidation-addition, redistribution-addition and 
rearrangement-addition 

An elimination-addition polymerization is a reaction m which a polymer is formed 
from a fully co-ordinated monomer by the loss of neutral ligands. For example. 
Elvidge and Lever have found* 5 * that (C5H 5 N)MnfC3 2 Hi () Ng)0 another 
phthalocyanine-contaimng co-ordination compound, loses pyridine when heated at 
reduced pressure to give the polymer (—Mn(C3 2 H ]6 Ng)0 —) x . This reaction differs 
from a homocondensation in that the molecule eliminated from the monomer is not 
split out from between two units but originates from only one molecule, suggesting 
that a co-ordinatively unsaturated intermediate, presumably pentaco-ordinate 
Mn(C3 2 Hi<>Ng)0 m the example, is formed at least transitorily We will arbitrarily 
base the distinction between elimination-addition and homocondensation on this 
difference, i.e., the small molecule is eliminated from a single unit in the former and 
from between two units m the latter. The difference between the two is schematically 
shown in Fig. 1. 

The second addition-type polymerization, substitution-addition, designates 
reactions in which a catenating group which cannot act as a multidentate ligand 
replaces either a multidentate ligand or an appropriate combination of umdentate 
ligands. There are several polymerization reactions in the literature which appear 

<4 ' R D. Joyner and M E Kenney, J. Amer. Chem. Soc. 82, 5790 (1960). 

Is * J A. Elvidge and A B. P Lever, Proc Chem. Soc. 195 (1959). 
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to fall into this classification, but, as with heterocondensation, no simple example 
has been reported. Another reaction that has been investigated in our Laboratories 
was designed to be of this type and can serve as an illustration of the basic concept. 
It is the reaction of diphenylphosphinic acid with beryllium acetylacetonate in one- 
to-one molar ratio in order to displace one acetylacetonate ion from each beryllium 
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Fig 1 —Polymerization by (a) elimination-addition and (b) homocondensation 


and produce ( — Be(C 5 H 7 02 ) 0 P(C 6 H 5 ) 20 —) x , a composition which could correspond 
to a high molecular weight polymer. Here the replacement of the bidentate ace¬ 
tylacetonate ion with the diphenylphosphinate ion is expected to lead momentarily 
to a trico-ordinated intermediate which then polymerizes in order to give beryllium(ll) 
its usual co-ordination number of four, it being assumed that the diphenylphosphinate 
ion will not act as a chelating agent with berylbum(ll). 

The example just cited is not a heterocondensation because all new bonds are 
not formed by elimination of molecules, instead, the process is unsymmetrical, 
forming both co-ordinate covalent and covalent bonds to beryllium. Although there 
are reactions which are definitely either substitution-additions (Fig. 2a) or hetero¬ 
condensations (Fig. 2b), some reactions reported in the literature involving bis(chelates) 
can be classified as either, on the basis of the preceding criteria. Thus, the reaction of 
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Fig. 2 —Polymerization by (a) substitution-addition and (b) heterocondensation. 
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beryllium acetylacetonate with terephthaloyldiacetone to yield the polymer 
(> BeCH 3 COCHCOC 6 H4COCHCOCH 3 <),«> could be classified either as 
a substitution-addition (replacement of two bidentate Uganda by a b.s(bidentate) 
catena ting agent) or a heterocondensation (splitting out of acetylacetone). We prefer 
the first classification. Consequently, our criterion for distinguishing between sub¬ 
stitution-addition and heterocondensation polymerization in such cases will be that 
in the former co-ordinate covalent bonds are formed in the polymer backbone. 


Oxidatton-addition polymerization (short for oxidation-number-change-addition) 
is a unique process m which the co-ordination number of an element is increased by 
a c hang e in oxidation state in an environment such that there are not sufficient 
ligands present to satisfy the new co-ordination number without sharing of ligands 
and polymerization. No examples of this type have yet been reported, so a hypo¬ 
thetical system will be used as the example. The reaction of [Pt(NH 3 ) 2 Cl 2 ] with 
sulphur to yield (-Pt(NH 3 ) 2 (Cl) 2 S-) x would involve the oxidation of four-co¬ 
ordinate platinum(Il) to six-co-ordinate platinum(iV). For the latter to have a 
co-ordination number of six, platinum atoms must share sulphur or chlorine atoms. 
Although, in principle, an increase in co-ordination number could be achieved by 
reduction of the central atom, e.g., by conversion of four-co-ordinate chromium(VI) 
to six-co-ordinate chromium(III), we do not believe that at this time such reactions 
warrant separate classification as reduction-addition polymerizations. 

The fourth of the addition-type processes, redistribution-addition polymerization, 
has not been reported either. The reaction of zinc(II) cyanide with zinc(II) acetylace¬ 
tonate to form (—Zn(C 5 H 7 0 2 )CN—), would be an example of this class. Superficially, 
this process seems to be a low probability method since it is the reverse of dispropor¬ 
tionation, which frequently appears to be spontaneous. It should be noted, however, 
that in many of the formation constant data< 7) there is sufficient difference between 
Ki and K 2 to indicate that redistribution-addition polymerizations are possible. 

The last addition-type class, which we term “rearrangement-addition poly¬ 
merization”, has recently been used to prepare beryllium(II) bis-/?-diketone polymers. <8) 
The basic principle of this method is the conversion of a cyclic compound to a linear 
polymer by opening the ring under such conditions that the radicals recombine into 
chains. In the work cited macrocyclic beryllium chelates with bis-/?-diketones were 
converted to polymers by heating them above their melting points. Although “this 
seems to be the only example of the use of such a reaction for the preparation of a 
co-ordination polymer it is, of course, also the kind of reaction involved in the 
formation of plastic sulphur and elastomeric phosphonitrilic halides. 

Another classification which we wish to use is that of “degradation polymeriza¬ 
tion . This category embraces those reactions in which a co-ordinating agent converts 
a two- or three-dimensional polymeric structure into a less-cross-linked system. We 
have found no examples of this class in the literature, so we will again cite a reaction 
which we have investigated. In this case the plan was to displace one half the cyanide 
from zinc(II) cyanide, a three-dimensional co-ordination polymer,by acetylacetone 

(<>) J. p Wilkins and E. L. Wittbecker, U.S. Pat. 2659711 (1953). 

71 ^u BjERR , U i?’ G ScHWARzeNBAC H and L. G. Sill£n, Special Publication No. 6. The 
Chemical Society, London (1957) 

and J- W. Lewis, j. Amer. Chem. Soc. 82, 5777 (1960). 

G. S. Zhdanov, Dokl. Akad. Nauk SSSR, 31, 352 (1941). 



Inorganic co-ordination polymers—I 


4jEA 

to give polymeric (—Zn(C 5 H 702 )CN—) x . Although hydrogen cyanide was liberated, 
the reaction produced a mixture of Zn(CjH 70 2 ) 2 and Zn(CN) 2 rather than the 
desired polymer. Degradation polymerizations are not of the addition-type because, 
even though co-ordinative unsaturation may be involved in the reaction, it is not 
essential to the formation of the backbone, which already existed in the original 
polymer. ,■ 

We have investigated and are investigating many reactions from 1 this point of 
view and will report on them in succeeding papers in this series. Part II, which 
follows, is an investigation of the product formed either by an elimination-addition 
polymerization or by a redistribution-addition polymerization. 

Acknowledgement —We are greatly indebted to Dr. L. W. Butz and our colleagues at Pennsalt 
for valuable discussion of the preceding concepts. Our thanks are due to the Office of Naval 
Research for partial support of our studies in the area of co-ordination polymers. 
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MONOAMMINEDICHLOROZINQU) 

B. P. Block, R. A. Florentine, J. Simkin and G. Barth- W ehre)+alp 
Research and Development Department, Pennsalt Chemicals Corporation, Wyndmoor, Pa. 

(Received 14 September 1961) 

Abstract—Diammmedichloroztnc(II) was converted to monoamminedichlorozinc(II) by 
thermal loss of one mole of ammonia or by reaction with one mole of zinc chloride. The 
monoammine does not distill without decomposition as reported in the literature. Its 
physical appearance, melt viscosity as a function of temperature, and melt conductivity as 
a function of temperature suggest a polymeric structure. Molecular weight determinations 
and solution conductivity indicate that the structure is depolymerized in co-ordinating 
solvents. A branched chain structure is proposed. 

In Part I of this series* 1 * different ways of synthesizing co-ordination polymers were 
discussed. The present study is an investigation of the product which is formed 
either by the loss of one molecule of ammonia from [Zn(NH 3 ) 2 Cl 2 ], an elimination- 
addition reaction, or by the reaction of zinc(ll) chloride with [ZnfNH^Cy in one- 
to-one mole ratio, a redistribution-addition reaction. The composition formed, 
Zn(NH 3 )Cl 2 , has been known for over a century < 2 > Kane’s original observation 
that Zn(NH 3 )CI 2 distills at red heat without decomposition has been reasserted* 3 * 
and is generally accepted. < 4 > Recent Russian work* 3 * reports that Zn(NHj)Cl 2 
partially sublimes at 400° C. No investigations directed toward elucidation of its 
structure have been reported although Muller refers to “polymeric zinc mono¬ 
ammine chloride” in a German patent < 6 > 

EXPERIMENTAL 

General 

The moisture sensiuvity of many of the compounds studied required their handling 
under anhydrous conditions Reactions were run in closed systems, transfers were made 
either in a dry box or a dry bag, 17 ' and measurements were made in an apparatus protected 
from moisture All changes m apparatus outside the dry-box or dry-bag were made while 
a positive nitrogen pressure was maintained in the system. 

Synthesis of ZnCU and [ZnfNHjhClJ 

Initially commercial anhydrous ZnCh was used as the starting material for the prepara¬ 
tion of the [ZnfNHshCh], but even after dehydration with SOCh satisfactorily low water 
contents could not be attained, so it was necessary to prepare the ZnCh from metallic Zn. 

(1 > B. P. Block and G. Barth- Wehrenalp, J. Inorg. Nucl Chem 24, 365 (1962). 

(2 > R. J Kane, Ann Chim Phys [2] 72, 290 (1839) 

<3) W. Blitz and C. Messerknecht, Z. Anorg. Chem. 129, 161 (1923); M. T. Schmidt and 
L. F. Audrieth, Trans. Illinois State Acad. Sci. 28, 133 (1935). 

* 4 ’ J. N. F.iiend (Editor), A Textbook of Inorganic Chemistry, Vol. 10, p. 48. Gnffin, London 
(1928). 

(3 * G. G. Urazov, A K. Kirakosyan and R. S. Mkhitaryan, Dokl. Akad. Nauk SSSR, 
114 , 564 (1957). 

(6) W. MOller, German Pat. 936332 (1955). 

(7) L. R. Ocone and J. Simkin, J Chem. Educ. (In Press). 
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, 7 fhrniiffh ZnCh to ammomated ZnCl 2 was made in a system 

The transformation from Zn through Zncu of Zn was placed in a 500 ml( 

protected from atmospheric ' dried by repeatedly evacuating and flushing 

necked, ball-joint flask, an e 12 j ^ 0 f (C 2 H s ) 2 0 was distilled from sodium 

JnjSndeSSSe Zn thSughaDewar-type condenser, and then anhydrous Wrdned 

p^l 80° C^irf vacuum 'un til' the^resi i due wtH™ 8 (W“ of ZnCl 2 for moJure analyses 
fKarl-Fischer technique) were removed at this stage by using a sampling tube which could 
^connected to the reaction flask through a ball-joint, filled by inverting the flask, and 
then removed by sealing off the tube.) Sufficient ammonia was distiUed from sodium through 
a trap to prevent sodium carry-over and condensed onto the ZnCl 2 at Dry-ice temperature 
so that a liquid phase was present. It was necessary to stir the mixture occasionally in order 
to ensure complete reaction Excess NH 3 was then removed by allowing the flask to come 
to room temperature while nitrogen slowly passed through the system. In two to three hours 
the evolution of NH 3 was slow enough that the product could be transferred to a weighing 
dish and brought to constant weight over concentrated H 2 S0 4 in a vacuum desiccator. 
The yield of [Zn(NH 3 ) 2 Cl 2 ] was essentially quantitative 


Synthesis of Zn(NH 3 )Cl 2 

(a) Elimination-addition For this route to Zn(NH 3 )Cl 2 100 g of [Zn(NH 3 ) 2 Cl 2 ] was 
kept in a vacuum oven at 200° C until a 10 0 g loss m weight had occurred. 

(b) Redistribution-addition. In an alternate procedure Zn(NH 3 )Cl 2 was made by the 
fusion of 6 8 g of ZnCl 2 with 8 5 g of [Zn(NH 3 ) 2 Cl 2 ] m a sealed tube at 300” C for 16 hr. 

It is particularly important to maintain anhydrous conditions during the synthesis of 
Zn(NH 3 )Cl 2 and its manipulation because it is extremely sensitive to water The product is 
an amber-coloured, transparent, glassy solid at room temperature. It does not have a sharp 
melting point but softens at approximately 80-90° C into a syrup which is rather viscous 
up to 100° C but then becomes quite mobile at higher temperatures 






Analysis 



Zn(%) 

Cl(%) 

NHj 

(%) 

H 2 0 (°/o) 

Found 

Calc 

Found 

Calc 

Found 

Calc. 

Found Calc 

ZnCl 2 

47 8 

47 97 

51 8 

52 03 

— 

— 

0 024 — 

[Zn(NH 3 ) 2 Cl 2 ] 

37 9 

38-38 

41 1 

41-62 

20-1 

20-00 

0 04 — 

Zn(NH,)Cl 2 

42 6 

42 64 

45-5 

46 25 

11 3 

11-11 

0 25 — 


Thermal stability 

(a) Thermobalance. In Fig. 1 is reproduced the weight-temperature plot obtained by 
heating Zn(NH 3 )Cl 2 on a Chevanard Thermobalance modified to permit the use of a nitrogen 
atmosphere. The heating rate was 2 5° C/min; other details of operation are described 
elsewhere. (8 > Another sample was heated at 5°/min to 475° C and then immediately removed 
from the thermobalance and put into a nitrogen-filled desiccator. Analysis of the residue. 
Zn, 47 6; Q, 49 6; NH 3 , 1-6 per cent. This residue, corresponding to 89 per cent of the 
original weight, still contained 100 per cent of the original amount of Zn. Samples were 
also heated at the standard rate m nitrogen to 165 and 200° C and then held at those 
temperatures for long periods of time. The weight loss in 60 hr at 165° C corresponded to 
the change in water content The weight-time curve at 200° is reproduced in Fig. 2. Analysis 
of the residue after 85 hr at 200° C: Zn, 46-5; a, 48-9; NH J( 5 8 per cent; after 170 hr at 
200° C: Zn, 44 0; Cl, 47 6; NH 3 , 5 1 per cent. The original amount of zinc was still present 
in the residues. 

,s) J- R Soulen and I. Mockrin, Analyt. Chem. 33, 1909 (1961). 
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(b) Furnaces. The monoammine was kept in an oven for 200 hr at 200 ±5° C. There 
was a weight loss of approximately 0 3 per cent per hour for the first 30 hr, followed by 
a si gni ficant levelling off to approximately 0-03 per cent per hour. Analysis of residue: 
Zn, 521; Cl, 40 5; NH3, 0-1 per cent. The residue still contained 100 per cent of the Zn 
originally present. At 400° C in a nitrogen atmosphere Zn(NH 3 )Cli lost 26-9 per cent of 
its weight in 5 hr. A moderate amount of a white sublimate was deposited on the walls of 



Tamparoture, “C 

Fig. 1Thermogravimetric analysis of monoamminedichlorozinc(II). 



Fig, 2 —Weight loss of monoamminedichlorozmc(II) at 200° C 


the reaction tube beyond the heating zone, and a substantial amount of liquid NHj con¬ 
densed in a cold trap. The residue analysed Zn, 48-1; Cl, 48 5; and NH 3 , 3-0 per cent 
or Zn:Cl;NH 3 - 1 :l -86:0-24 and still contained 82-5 per cent of the original amount of 
Zn. In the sublimate the ratio of Zn:Cl;NH 3 was 1 ;2-06l0-725. A small amount of sublimate 
collected during a 300° C run was identified by its X-ray pattern as [ZnCNHj^Ch] and thay|j| 
sublimate obtained from a 600° C run gave a ZnICliNHs ratio of 1:2-0510 23. A 
of ZnCh treated in an identical manner at 400° C also deposited a white powder on Wm M 
reaction tube walls. 
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Solubility and molecular weight 

For some studies it was necessary to work with solutions of Zn(NHj)Cl 2 . A detailed 
investigation of solubilities was not carried out, but, in cases where sufficient Zn(NH 3 )G 2 
did not dissolve to give at least a 1 per cent solution, weighed samples of the saturated 
solutions were evaporated to dryness in order to permit estimation of solubility. It was 
possible to make a 7 per cent solution in acetamide at 85° C and 1 per cent solutions in 
N, N-dimethylformamide, dimethyl sulphoxide, pyridine, and n-butylamine at 30° C so the 
solubility of Zn(NH 3 )Cl 2 is at least as great as indicated m these solvents. In all other solvents 
tried the solubility was less than 01 per cent, These included benzene, carbon tetrachloride, 
trichloroethylene, dioxane, and tetrahydrofuran. There was decomposition with water. 

The only solvents that dissolve sufficient Zn(NH 3 >Cl 2 to permit molecular weight 
determinations are good co-ordinating agents The values found by colligative methods, 
150 ±5 in N, N-dimethylformamide (I), 150 ±10 in acetamide (II), 155 ±5 in n-butylamine 
(III), and 167+5 in dimethyl sulphoxide (IV), all correspond to the value of 1533 
calculated for monomeric Zn(NH 3 )Cl 2 . The molecular weight determinations I and III were 
made by measurement of elevation of the boiling point with the equipment as described by 
Dimbat and Stross.<«' IV was made by conventional cryoscopic techniques, and II was 
made by the Rast procedure |10) 


Viscosity 

Preliminary melt viscosity determinations were made in capillary viscometers of the 
Ostwald-Cannon-Fenske type 111 ' A H Thomas Type 500-A18). The U-tube viscometers 
were filled with Zn(NH 3 )CI 2 in a dry-box The outlets were protected with drying tubes 
filled with an Anhydrone-Drierite mixture and were connected to a manifold that permitted 
tandem measurements without breaking a gas line leading to the nitrogen pressure source 
or the mercury manometer. The pressures applied ranged from -100 to 200 mm Hg. An 
oil-filled thermostat was maintained at + 0 05° C in the temperature range 100-165° C 
The data are plotted m Figs. 3 and 4. 
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For the determination of molecular weights from the shear-dependence of viscosity,”*) 
a double cone viscometer was constructed and used to measure the viscosity of molten 
ZnfNHalCh at various rates of shear at temperatures from 110 to 150° C. The results are 
shown in Fig. 5. Procedural details were as described by Bueche and Harding.”*) 



Fig 4 —Activation energy of flow of monoamminedichlorozinc(II) as a 
function of temperature 



Fig 5.—Viscosity-shear behaviour of molten monoamminedichlorozinc(II) 
at various temperatures 

Conductance 

The conductance of molten samples was measured using a Sunderman pipette-form 
conductivity cell” 3) with a cell constant of 13 0. Each molten sample was drawn by suction 
into the pipette, the ends of which were then protected by rubber caps. A thermocouple 
was inserted through one of the caps and positioned near the electrodes. The cell was 
wrapped on one side with aluminium foil and laid in a horizontal position under an infra-red 
lamp controlled through a Vanac in order to hold the temperature (read on a recording 
potentiometer) constant during measurement. In operation the conductivity was measured 
as a function of decreasing and increasing temperature. The results are shown m Fig. 6. 

Solution conductances were measured in the solvent N, N-dirnethylformamide m a 
Type 4918 Leeds and Northrup conductivity cell with a cell constant of 0196. The work 
was performed in a dry-box with leads through the vapour barrier outlet panel. The curves 
are reproduced in Fig. 7 

” 2 ) F Bueche and S W. Harding, /. Polymer Sci. 32, 177 (1958) 

(,3 > F. W. Sunderman, Amer. J. Clin. Path. 15, 219 (1945); 19, 659 (1949). 
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Miscellaneous 

' Infra-red spectra were run on Alms of samples held between sodium chloride plates 
using a Model 21 Perkin-Elmer Infra-red Spectrophotometer. X-ray diffraction patterns 
were made on powdered samples placed on a wedge and covered with thin tightly taped 
Mylar film, Powder samples in glass capillaries were also used. Fibre and film samples 
were sealed in Mylar and run as such. (NH^ZnCU was identified in some samples but 
otherwise the results suggested amorphous products. Fibres of Zn(NHj)CU were extruded 
from a glass pipette held at 150“ C 



hirst, the thermal properties of the product wiU be considered and then its 

^accurate Vh^mese'^ nfNH3lCl2 can be dlstliled without decomposition is 
1 r re,UltS ClCarly Sh ° W ,h3t 3,most af! the «.mon«a can be 

only at temperatures hich ° en dny h 'f ° the dist,ilate contains zinc compounds 

omy at temperatures high enough for volatilization of ZnCk At such temoeratures 
the zinc-containing product is not uniquely ZnfNH u., t • ^ 

number of ammonia . q y ^ n t NH 3 >Cl 2 but may contain a varying 
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Tbc elucidation of the structure of Zn(N H 3 )C 1 ^ is more difficult. For the established 
compositions on either side of Zn(NH 3 )Cl2, {Zn(NH3)^12] and ZnCk, X-ray structure 
investigations show that zinc has a co-ordination number of four; i.e., in the monomer 
[Zn(NHj)2Q2] a4) and in ZnCl2, (15) a three-dimensional polymer. It is consequently 
likely that zinc also has a co-ordination number of four in Zn(NH 3 )Cl2. Possibilities 
for the structure are (i) a polymer with sufficient degree of polymerization so that 
end groups do not affect the analysis, (ii) a cyclic structure, (iii) a glass, or (iv) a 
mixture of [Zn(NH 3 )2Cl2] and ZnCl2. 



Fig. 7.—Equivalent conductances in N,N-dimethyiforamide of monoam- 
minedichlorozinc(II) (open circles), zinc chloride (filled circles) and a one-to-one 
mixture of diamminedichlorozinc(II) and zinc chloride (half-filled circles). 

The physical properties of Zn(NH 3 )Cl2 correspond to those of an organic polymer 
with a rather low degree of polymerization. Thus, it softens over a range of tempera¬ 
tures and when just molten can be drawn into fine monofilaments which exhibit 
plasticity and flexibility after cooling. It can also be cast in films. It is interesting 
that initial stress-relaxation measurements by Tobolsky< 16 > indicate that Zn(NH 3 )Cl2 
has a glass transition temperature of 6° C and a rubbery modulus at room temperature 

,,4) C H. MacGillavry and J. M. Bijvoet, Z. Krist. 94, 249 (1936). 

U5) B Brehler, Fortschr. Mineral. 38, 198 (1960); H. R. Oswald and H. Jaogi, Helv. 
Chim. Acta, 43, 72 (1960). It is to be noted that these single crystal structure studies 
disprove the generally accepted CdCU structure for ZnCh (A. F. Wells, Structural 
Inorganic Chemistry (2nd Ed.), p. 278, Oxford University Press, London (1950)) which 
had been questioned by J. D. Mackenzie and W. K. Murphy, J. Chem. Phys. 33, 
366 (1960). 

(l6) A. V. Tobolsky and co-workers. Private communication (1961). 
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but exhibits no rubbery plateau. Preliminary approximate calculations of molecular 
weight based on stress-relaxation times yield a value of thirty monomer units if it is 
assumed that the flow mechanism is not bond interchange. On the other hand 
molecular weight determinations in n-butylamine, N, N-dimethylformamide, ace¬ 
tamide, and dimethyl sulphoxide all give values corresponding to a monomer. These 
two apparently contradictory observations are not incompatible however, for the 
molecular weight determinations had to be carried out in solvents which are capable 
of co-ordinating with zinc. Thus the monomeric molecular weights could well be 
due to degradation of a polymeric structure by the solvent. 

A similar effect is noted m the conductivity studies. In N, N-dimethylformamide 
at 110° C Zn(NH 3 )Cl 2 and ZnCl 2 both have essentially the same equivalent con¬ 
ductance. The solution of a one-to-one mixture of ZnCl 2 and [Z^NH^CIJ also 
exhibits identical behaviour, so it may be concluded that all the solutions contain 
approximately the same species. Again this can most reasonably be attributed to 
complete degradation by the solvent of the structures present prior to dissolution. 
The melt conductance behaviour of Zn(NH 3 )Cl 2 , however, offers support for a 
polymeric structure, for there is a discontinuity in the temperature-conductivity 
curve. Crook* 17 ) has interpreted a similar curve for ZnCl 2 to mean that molten 
ZnCl 2 is appreciably polymerized, with the steep initial nse being due to the breaking 
up of a non-conducting or poorly conducting polymer into ions The slower increase 
beyond the discontinuity is due to less dramatic changes with further temperature 
increase. A corresponding interpretation of the Zn(NH 3 )Cl 2 data seems justified. 

The viscosity-shear curve does not show non-Newtonian behaviour characteristic 
of a polymer in the molten state Consequently, the Bueche-Harding technique 
cannot be used to determine the molecular weight of Zn(NH 3 )Cl 2 and, in fact, 
suggests that the molecular weight is low because only at much lower shear rates 
would the curve have the proper shape for molecular weight determinations. The 
temperature dependence of viscosity, nevertheless, does show a dependence of the 
energy of activation of flow to be expected from a polymer, going from 10 kcal/mole 
at 105° C to 5-4 at 170° C. This supports a polymeric structure for Zn(NH 3 )Cl 2 in 
that other polymers such as polyethylene and polyesters show comparable behaviour 

Taken together the properties investigated are best interpreted in terms of a 
polymer or a glass which is easily degraded, either by dissolution or by heat. A simple 
cyclic structure does not seem to explain the properties. The assumption that the 
product is a mixture does not account for some of the physical properties although 
such a picture could be true The intuitively attractive concept that in Zn(NH 3 )Cl 2 
a polymeric structure should arise by sharing of chloride ions between zinc atoms to 
give the latter a co-ordination number of four is not definitely established by the 
data. Neither is it denied, however, and it seems the best explanation of the properties. 
The major question remaining is that relating to the possibility of considering 
Zn(NH 3 )Cl 2 a glass. There are a number of definitions of the term “glass”, some of 
which permit little distinction between a glass and a polymer. In the broadest sense 
a glass is a polymer, so a real distinction is difficult and probably rests on the nature 
of the bonding in the material in question. It is probable that Zn(NH 3 )CI 2 is a 

tl7) E, H. Crook. Thesis, University of Pennsylvania (1960). 

n,) L Pauling, The Nature of the Chemical Bond (3rd Ed,), pp. 514 and 538. Cornell 
University Press, Ithaca, New York (1960). 
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borderline material with substantial covalent character to its bonding, but less so 
than a typical organic polymer. In both {Zn(NH 3 )2Cl2] and ZnQ 2 the zinc-to-chlorii)e 
distance within the tetrahedral co-ordination sphere is 2-30 A. This is less than the 
sum of the ionic radii of Zn 2+ and Cl~, 2-42 A, corrected for tetrahedral co-ordina- 
tion< 18 > and suggests at least partial covalent character in the bonds. Similar bond 
distance and bond type are probable in Zn(NH3)G 2 . „ 

Such a polymeric structure can be regarded as the result of the replacement of 
one-fourth of the zinc-chlorine bonds in ZnCl 2 with zinc-ammonia bonds. This has 
the net effect of giving the average zinc atom an environment of one ammonia, one 
unshared chloride ion and two shared chloride ions if a co-ordination number of 
four is maintained for the zinc. Statistically it is not probable that only the simple 

NH3NH3NH3 

I I I 

linear chains —ZnCIZnCIZnCI— are present but that there is more or less branching 

II! 

Cl Cl Cl 

to give a sort of cross-linking. Because of the stoicheiometry requirements there will 
be one additional terminal zinc atom for every branching zinc introduced, i.e., for 

Cl 

I I 

every Nl^ZnCl— there must be one more — ZnNH 3 unit. These, of course, do not have 

I I 

Cl Cl 

I 

to be directly bonded to one another, there can be any number of —Zn(NH3)(Cl)Cl— 
units in between them. Below a portion of such a structure containing three 
branching points is shown. It will be noted that there are three terminal units to 
compensate for them 
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We have in progress a study of a series of ammines of zinc chloride conta: 
up to 1 -5 molecules of ammonia per zinc which we expect will help elucidate the 
structure of the monoammine. 
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DIOXANE ADDITION COMPOUNDS OF SOME BIVALENT 
METAL PERCHLORATES 
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Departamento de Qufmica e Departamento de Mineralogia e Petrografia 
da Faculdade de Filosofia, Ciencias e Letras da Umversidade de S3o 

S. Paulo, Brazil 

( Received 25 September 1961) 

Abstract—The reactions between dioxane and the hydrated beryllium, magnesium, calcium, 
copper, zinc, strontium, cadmium, barium, mercury and lead perchlorates are described. 

X-ray powder patterns and infra-red absorption spectra of the obtained compounds 
are also presented, together with data for Mn, Fe, Co and Ni, similar compounds already 
described elsewhere 

Addition compounds are formed when dioxane reacts with several hydrated 
perchlorates < l > 2 > 3) This paper discusses the reaction of dioxane with Be, Mg, Ca, 
Cu, Zn, Sr, Cd, Ba, Hg and Pb perchlorates 

It was observed that beryllium and calcium perchlorates by reacting with dioxane 
form compounds, which, upon analysis, approach the following compositions: 
Be(C10 4 )2-4H 2 0-4C 4 H8C>2 and Ca(C10 4 )2-4H20-6C 4 H g 0 2 . However, they are very 
unstable as well as hygroscopic, and they lost dioxane when submitted to a vacuum 
in order to remove the excess solvent. 

The copper compound corresponds to the formula . Cu(C10 4 )2-4H 2 0-5C 4 Hb02. 
Smeets <4) obtained a substance with the formula Cu(C10 4 )2-6H 2 0-12C 4 Hg02, 
however this substance has not been observed in our experiments. 

The remaining compounds which usually are more stable and less hygroscopic 
than Be and Ca compounds have the following composition, 

M(C10 4 ) 2 -6H 2 0 5C 4 Hg0 2 (M = Mg, Zn, Cd) 

M'(C10 4 ) 2 -2C 4 H g 0 2 (M'= Sr. Ba, Pb) 

Hg(C10 4 ) 2 -2H 2 0-4C 4 H 8 02 

All compounds lose dioxane, when heated slowly and carefully, but explode 
violently at higher temperatures 

X-ray powder patterns. The X-ray powder procedure has been used, not only for 
characterization through rf-spacings, but also for correlating the compounds. The 
results have pointed out the existence of isomorphism between some of these sub¬ 
stances as well as with other substances previously reported,* 2 * whose X-ray diagrams 
were also determined in this study. 

(1) G Vicentini, M Perrier, W G. R. de Camargo and J. M V. Coutinho, Ber Dtsch. 
Chem. Ges. 94, 1063 (1961). 

(2) G. Vicentini, M, Perrier and E. Giesbrecht, Ber. Dtsch. Chem. Ges. 94, 1153 (1961). 
<3) M. Perrier, E. Giesbrecht, W. G R. de Camargo and G. Vicentini, Ber. Dtsch. Chem. 

Ges. 95, 257 (1962). 

(4 * C. Smeets, Natuurwet. Tijdschr. 19, 12(1937); Chem Abstr 31, 1815 (1937). 
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The compounds with the general formula M(C 104 ) 2 * 6 H 2 0 5C4Hj 02 (M * Mg, 
Mn, Fe Co, Ni, Zn, Cd) gave diffraction patterns, all of which were so nearly identical 
as to suggest complete isomorphism among these substances. See the values of 

d(k) and / in Table 2. , ., . , v .. 

The strontium and lead compounds also showed nearly identical X-ray diagrams 

(see Table 3). 

The X-ray data for the other compounds are presented in Tables 4, 5 and 6. 
Infra-red spectra. The dioxane spectra were observed without essential modifica¬ 
tion in all compounds including those of manganese, iron (II), cobalt and nickel. 
The peaks at 875 and 1122 cnr><5> appeared in the infra-red spectra of all substances. 

If the dioxane actually is co-ordinated, the binding must be relatively weak as 
evidence by the ease of its removal under heating (and under vacuum for the 
beryllium and calcium compounds) and by the occurrence of the —O—stretching 
frequency essentially unaltered in the infra-red spectrum of the solvated addition 
compounds. 


EXPERIMENTAL 

1. Dioxane addition compound of hydrated beryllium perchlorate. 

Beryllium nitrate—Be(NOj)i 3 H 2 O—and excess 70 per cent perchloric acid were 
carefully heated until fumes of perchloric acid were evolved. After cooling, the crystals 
were collected m a sintered glass funnel, well pressed and intimately ground with excess 
dioxane. The resulting crystals were filtered and recrystallized from hot dioxane. 

2. Dioxane addition compound of hydrated magnesium perchlorate 

Magnesium perchlorate—MgfClCDj'JtHzO—was humidified with water and then 
intimately ground with excess dioxane. After filtration, the resulting crystals were 
recrystallized from hot dioxane 

3 Dioxane addition compounds of calcium, strontium, cadmium, barium and lead perchlorates 

All perchlorates were obtained from the appropriate carbonates and dilute perchloric 
acid. The solutions were evaporated to near dryness on a water bath. The residues were 
intimately ground with excess dioxane, and the resulting crystals washed with cold dioxane 
Only the cadmium compound could be recrystallized from hot dioxane 

4. Dioxane addition compounds of copper, zinc and mercury perchlorates. 

They were prepared by the same procedure described in (3), using the corresponding 
oxide as starting material. The mercury oxide reacted only with a great excess of perchloric 
acid. All compounds were recrystallized from hot dioxane. 

In order to remove the excess of dioxane all substances were stored in a vacuum 
desiccator over calcium chloride, except for the beryllium and calcium compounds which 
slowly lost dioxane dunng this procedure 

Analytical data. The metals were determined by usual procedures. Water and 
perchlorate were determined by methods described in a previous paper.*** The analytical 
results are tabulated in Table 1. 

Solubilities. All substances described above are very soluble in water, methanol, ethanol, 
acetone and tetrahydrofuran They are less soluble in ether and almost insoluble in benzene, 
chloroform, carbon tetrachloride and carbon disulphide. The calcium compound is insoluble 
in cold dioxane; the others, except for strontium, barium *nd lead compounds, are 
moderately soluble in hot dioxane and could be recrystallized fro m this solvent. 

<5* S. C. Burket and R M. Badger, J Amer. Chem. Soc. 72, 4397 (1950). 



Table 1 . —Summary of analytical results 
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X-ray diffraction patterns. These patterns were obtained with a NORELCO unit, 
Buerger powder camera (114 6 mm), Cu Ka The very deliquescent substances were 
enclosed, without grinding, in Lindemann glass capillary tubes (0 5 mm diameter). Due to 
the grain size of crystals, some lines on the films were very grainy. Therefore it was not 
feasible to assign numerical values to the relative intensities The X-ray diffraction data 
are summarized in Tables 2-6 The errors for d-spacings values are approximately the 
following __ 


d (A) 

Error (A) 

18-9 

0 35 

9-3 

010 

3-1 

001 

1-0 5 

0 002 


The if values were not corrected for systematic or random errors (film shrinkage, absorption, 
eccentricity, etc) 

Infra-red spectra These spectra were measured with a Perkin-Elmer Model 137 Double 
Beam Recording Spectrophotometer, using Nujol suspensions between rock salt plates 


Table 2 -X-ray diffraction patterns for the compounds of type - 



M(CIOa)i 6H 2 0 5C 4 H«0 2 —(M = 

Mg, Mn, Fe, Co, Ni, Zn, Cd) 


Mg 

Mn 

Fe 

Co 

Ni 

Zn 

Cd 

— 

— 

9 30 

_ 

_ 

940 

9 52 

— 

9 06 

— 

8 86 

8 90 
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8 78 

— 

— 

— 

— 
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— 
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7-26 
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— 
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— 
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— 

— 

— 
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_ 
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5 80 
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5 01 
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5 22 

— 

5 22 
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4 76 m 
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4 48 j 

4 50 .r 

4 50 i 

4 46 f 

4 55 j 

4-50 s 
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4 40 m 
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4 28 m 

4 28 m 

_ 

4 40 m 

4 09 m 

4 24 m 

4 22 m 
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4 16 m 

4 25 m 

416 m 

3 91 w 

4 06 m 

4 06 m 

4 02 m 

4 02 m 

4 13m 

4 08 m 

— 

— 

— 

3 88 m 

3 88 m 
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3 68 m 

3 64 m 
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3 26 

3 32 

_ 

_ 

3 36 
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2-98 
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2 96 
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2 82 
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s — Strong m = Medium; the others weak 
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Dioxane addition compounds of some bivalent metal perchlorates 

Table 3.—X-ray diffraction patterns for the compounds 
S r(a04)2-2C 4 H 8 0 2 and Pb(C104)2-2C4Hg02 



Sr 


Pb 

/* 

d( A) 

/* 

d( A) 
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7-47 
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6 68 
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2 
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2 38 

4 
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— 
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2 
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* The values of 1 are relative for each film. 


Table 4 —X-ray diffraction pattern for the compound 
Cu(C10 4 ) 2 4H 2 0 5C 4 H 8 0 2 
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Table 5.—X-ray diffraction pattern for Tiff compound 

Ba(a04)2-2C4H>0 2 
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d{k) 
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5 
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3 
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Table 6.—X-ray diffraction pattern for the compound 

Hg(a0 4 )-2H 2 O4C4H,O2 

/ 

d{k) 
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9-86 

8 

8-96 

' 3 

8 07 

3 

7-22 

3 

6 77 
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4-93 
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preparation of anhydrous lanthanide halides, 

ESPECIALLY IODIDES* 

M. D. Taylor! and C. P. Carter 
Department of Chemistry, Howard University, Washington D.C. 

(Received 29 September 1961; in revised form 2 November 1961) 


Abstract—A general method is described which can be used to synthesize nearly all the 
lanthanide halides in high purity and good yield. It involves heating in vacuo, a moleculariy 
dispersed mixture of hydrated lanthanide halide with the proper ammonium halide until the 
water and ammonium halide are expelled to leave pure, anhydrous lanthanide halide. 
All tri-halides except the iodides of samarium and europium are obtained These are obtained 
as di-halides. Optimum condition for synthesis are discussed. The procedure is the only 
one which has been reported for preparing pure anhydrous iodides with relatively simple 
apparatus and technique 

Much interest exists in the preparation of anhydrous lanthanide halides. These 
compounds are used widely for the production of the lanthanide metals both by 
electrolytic and metallothermic methods. They are the starting materials from which 
many other anhydrous compounds, especially the divalent halides, are prepared. 
Anhydrous halides also are required for thermochemical and physicochemical studies 
of the lanthanide compounds, especially in non-aqueous solutions. 

Though methods for preparing anhydrous lanthanide compounds have been the 
subject of many investigations, these compounds are still difficult to prepare. The 
hydrated salts are obtained readily by reaction between the oxides and hydrohahc 
acid solutions Attempts to dehydrate them usually lead to their hydrolysis in 
accordance with the equation 

LnCl 3 -|-H20 ^ LnOClx2HCl (1) 

or decomposition in accordance with the equation - 

Lnl 3 +^ O 2 LnOl + L (2) 

Hydrolysis of chlorides and some bromides can be prevented by performing the 
dehydration in an atmosphere of HC1 or HBr, but the iodides can not be dehydrated 
this way. In such dehydration the hydrogen halide must be completely free of 
moisture and oxygen to prevent reactions (1) and (2) from occurring 

The methods which have been reported for preparing anhydrous lanthanide 
halides have been presented mainly as individual examples applicable to the prepara¬ 
tion of a few special compounds. Except for the preparation of the chlorides, few 
methods of general applicability have been published. A review which attempts to 
summarize, classify and evaluate the various methods has been submitted for publica¬ 
tion. <■> 


* Major support for this work was from Research Grant G7334 from the National 
Science Foundation. 

t Robert A. Welch Visiting Scholar at Prairie View Agricultural and Mechanical 
College, Prairie View, Texas, 1960-61. 
h> M. D. Taylor, Chem. Revs. To be published. 
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Excep t for» few macellaneou, ones, the known methods for preparing .nhydrom 
ImttS halides generally involve either converting the ox,de to the hakde w,th a 
suitable halogenating reagent or dehydrating the wet halide. 

Up to now no single general method has been reported which can be applied 
to the preparation of all anhydrous lanthanide halides, the iodides are especially 
difficult to prepare We have succeeded in developing such a method. It consists in 
heating m vacuo, a molecularly dispersed mixture of hydrated lanthanide halide with 
the appropriate ammonium halide to expel first the water, then the ammonium halide 
The ammonium halide environment prevents hydrolysis of the lanthanon halide and 
a perfectly pure product is obtained. Variations of the procedure have been 
reported! 2 ' 81 but no systematic studies have been made either to ascertain if the 
procedure is suitable for preparing all the lanthanide halides or what the optimum 
conditions are for maximum yield and purity Such conditions have been ascertained 

in this study. 



EXPERIMENTAL 

Starling materials The source of the lanthanide materials was lanthanide oxides, 
98-100 per cent pure. They were obtained either from Research Chemicals, Inc , Burbank, 

<2) Duboin, Annales Scientific d’Ecole Normal Superieure, Paris [3] 5, 416 (1888) 

»> F. Ephraim and P. Ray, Ber. Dtsch. Chem. Ges 62, 1509, 1520, 1639 (1929). 

(4) R. Hermann, J. Prakt. Chem. 82, 385 (1861). 

(!l W. R. Hodqkinson, J. Soc. Chem. Industr (London), 33, 445 (1914). 

G. Jantsch, H. Jawrek, N. Skalla and H. Gaw'alowsky, Z. Anorg. Chem. 207,353 (1932). 
(7 > G. Jantsch, N. Skalla and H. Jawurek, Z. Anorg. Chem. 201, 207 (1931). 

,8) M. C. Marignac, Ann. Chim. Phys [3] 38, 148 (1853) 
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California, or Lindsay Chemical Division, West Chicago, Illinois. Ammonium halides 
and hydrochloric add were reagent grade. Hydrobromic and hydroiodic acids were 
prepared by the reaction of tetrahydronaphthalene with bromine or iodine 191 in accordance 
with equation: 

C 10 H 12 +22 ^ CioH*+4HI (3) 

General procedure. The general procedure consisted in dissolving the oxide in dilute 
hydrohalic acid, adding about 6 0 mole of ammdnium halide per mole of lanthanide metal, 
and adding next about SO ml of relatively concentrated hydrohalic acid. The mixture was 
evaporated to dryness. Toward the end of the evaporation it must be stirred sufficiently 
vigorously to prevent its sticking to the walls of the beaker since it is nearly impossible to 
remove stuck material without breaking the beaker. The water and ammonium halide are 
removed in the special apparatus shown in Fig. 1. It consists of a Pyrex reaction vessel (A), 
with an attached sublimation tube (B), that is attached to a vacuum line manifold (C), 
with a ball and socket joint, (H). The vacuum line consisted of a manifold, a manometer (I), 
a drying tube (D), a trap (E), and an outlet to the pump (O) The operating details will be 
described below for a specific example. 

Preparation of YbCb Ytterbium oxide, 10 0 g was dissolved with heating in 35 0 ml 
of 6 N HC1. Next 15 0 g NH 4 CI was added. It failed to dissolve completely. Addition of 
50 0 ml of cone. HC1 caused more precipitation but most of the precipitate dissolved on 
heating. The mixture was evaporated to dryness and heated to 200 ° C on the hot plate. 
Then it was transferred to the reaction vessel (A), which was sealed. The trap (E) was cooled 
by a liquid nitrogen or dry-ice bath and the system was evacuated. The reaction vessel was 
surrounded by an electric furnace and heated to 200° C during 1 5 hr. All the water was 
driven off and NH 4 C1 began to evolve Now a cover was placed over the furnace. The 
temperature was raised to 430° over a period of 8 hr to sublime all the NH 4 CI away. The 
apparatus was permitted to cool, filled with pure dry N 2 , and the reaction vessel was removed 
to the dry-box. The product weighed 13 2 g for a yield of 82 per cent It was completely 
soluble in water. Some YbClj was swept into the sublimation tube by the subliming NH 4 O. 
It was isolated as the oxalate from which 1 8 g of Yb 2 03 was recovered 

Eighteen lanthanide halides have been prepared. Quantitative data for these are 
recorded m Table 1 In addition, qualitative data have been obtained for the preparation 
of iodides of H 0 , Dy, and Tb. The results obtained supports the conclusion that the 
ammonium halide method can be used to prepare all anhydrous lanthanide halides. 

Analysis Halide is precipitated with AgN0 3 . Divalent lanthanide halides must be 
oxidized before this precipitation is made The excess silver was precipitated with hydrohalic 
acid. The residual solution is evaporated to proper volume and the lanthanide ion is 
precipitated with oxalic acid The oxalate is ignited and weighed as the lanthanide oxide. 


DISCUSSION 

An examination of Table 1 shows that the yields are generally greater than 60 
per cent and may exceed 95 per cent. Most material is lost by passing over along 
with the subliming ammonium halide. The process appears to be more electrical 
than mechanical in nature. A space charge develops between the product and the 
sublimate during sublimation. When the product particles are finely divided, they 
jump vigorously and continuously as long as the ammonium halide sublimes. Indeed, 
a slight tap on the vessel will cause considerable quantity of the product to leap to the 
far end of the sublimation tube. Such jumping is negligible in samples where the 
particle size is large. One obtains nearly quantitative yield from such samples. 


(9) J. Hauben, J Baedler and W Fischer, Ber. Dtsch. Chem. Ges. 69 B, 1772 (1936). 



Table 1. Data on anyydrous lanthanide halides 
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Data in Table 1 show that instead of the tri-iodides, the di-iodides of Sm and Ett 
ate obtained. Other experiments have shown that when the reaction temperature is 
too high, instead of pure EuClj, a mixture of EuCl 2 and EUCI 3 is obtained. Thus 
Smi 3 and Eulj can not be prepared by the ammonium halide method. It is doubtftil 
if any method is known which yields pure samples of these compounds. 

The method described above is the only one known to the author which produces 
nearly all the anhydrous lanthanide halides pure and in good yield by a relatively 
simple procedure. 
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high pressure fluorination of uranium oxides* 

R. E. Greene and G. S. Petit , 

Technical Division, Oak Ridge Gaieous Diffusion Plant, 

Union Carbide Nuclear Company, Oak Ridge, Tennessee 

( Received 28 November 1960; in revised form 9 October 1961) 

Abstract—A new method for the fluorination of uranium oxides to uranium hexafluoride 
has been developed. It uses gaseous fluorine at a pressure of about 1000 lbin* 2 . The pressure 
is obtained by vapourization of liquid fluorine which has been condensed onto the oxide 
and an activator, potassium chloride, in a metal reactor at liquid nitrogen temperature. 
When the closed reactor warms within a safety shield, the fluorine vaporizes and a fluonna- 
tion takes place very rapidly, usually before the reactor reaches room temperature. The 
reactor is again cooled and oxygen and unconsumed fluorine are separated from the con¬ 
densed uranium hexafluoride by pumping Based upon uranium, a 95 per cent yield of 
uranium hexafluoride, pure enough for isotopic analysis with the gas-type mass spectrometer, 
is obtained. The reactor also serves as the sample tube after the fluorination, which is 
completed in 15 min or less. Although the method is primarily used for the conversion of 
laboratory samples for uranium isotopic analysis, other applications may be feasible. 

One of the oldest and most widely used methods for preparing uranium hexafluoride 
from uranium oxides uses colbaltic fluoride.”> 

U 3 0 8 + 18CoF 3 -^^-> 3UF 6 + 18 CoF 2 +40 2 (1) 

Another uses gaseous fluorine at a pressure of one atmosphere or less. (2) 

U 3 0 8 +9F 2 3UF 6 +40 2 , A H - -223-3 kcal/mole (2) 

These methods require about 3 hr for the preparation of 2 g of uranium hexafluoride 
with an expenditure of a minimum of one man hour per sample A third method”' 
uses liquid bromine trifluonde in a bomb reactor 

4 U 3 0 8 +2BrF 3 -♦ UF 6 +Br 2 +j0 2 , A H = -73 3 kcal/mole (3) 

It has been used routinely to fluorinate a sample in 30 mm, but a larger amount of 
oxide is required, since some uranium hexafluoride is lost with the bromine in the 
purification step. A transfer of the uranium hexafluoride to a mass spectrometer 
sample tube is also necessary to separate the uranium hexafluoride from halogen 
compounds which interfere with the isotopic analysis. 

* This document is based on work performed at the Oak Ridge Gaseous Diffusion 
Plant operated by Union Carbide Corporation for the U.S. Atomic Energy Commission 

(li A. E. Cameron, “Determination of the Isotopic Composition of Uranium”, T1D-5213, 
Chapter 2, Office of Technical Services, Department of Commerce, Washington D.C. 
(1950). 

(2) J J. Katz and E Rabinowitch, Chemistry of Uranium, NNES, Div VIII, Vol. 5, p. 399. 
McGraw-Hill, New York (1951). 

1,1 R. E. Greene and G. S. Petit, Fluorination of Uranium Oxides With Bromine Trifluoride 
for Mass Spectrometer Assaying , Carbide and Carbon Chemicals Company, K-25 Plant, 
August 25, 1954 (K-l 137). 
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Although the chemistry and heat of reaction of the new method are essentially 
the same as that of equation (2), the reaction rate is much greater because of the high 
fluorine pressure, therefore, much higher temperatures are developed at the site of 
the reaction. 

The new method has a number of advantages over the older ones. It eliminates 
tedious glass blowing, furnace heating, and lengthy distillation techniques. It 
produces a very pure product in high yield and eliminates transfer of the sample, 
since the reactor also serves as the spectrometer sample tube. With it, a fluonnation 
can be completed in less than 15 min A large heavy wall nickel reactor has been used 
to fluorinate as much as 10 g of oxide in one batch and temperatures as high as550°C 
have been observed 


EXPERIMENTAL 


Apparatus 

The reactor is made from a packless diaphragm Monel angle valve A connector seat 
is silver soldered to the diaphragm side of the valve and a standard $ or £ in copper 
male flare fitting to the other A section of copper tubing, 0 049 in wall thickness and 
4 in long is pinched closed, Heliarc welded or silver soldered pressure tight, and fastened 
to the valve with a flare nut (Fig 1) 



The vacuum manifold (Fig. 2) and the fluonnation manifold (Fig 3) are constructed 
primarily of nickel and Monel. The fluonnation system, except the fluorine tank, is installed 
in a fume hood. 

A thermocouple is clamped to the lower portion of the reactor tube and connected to a 
suitable pyrometer. 
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Fig. 2.—Vacuum manifold. 



Fig. 3—Fluorine manifold. 

An explosion shield encompasses the lower portion of the reactor during the reaction. 
It is made of 4 in. steel pipe so that a Dewar flask containing liquid nitrogen can be raised 
and lowered within it. The rear of the shield is perforated to relieve pressure in event of an 
explosion (Fig. 4). 
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Fig 4 —Explosion shield 


Procedure 

A weighed quantity of uranium oxide, from 1 to 3 g, is mixed with about 1 mg of 
potassium chloride and transferred to the reactor (Fig 1). The reactor is then assembled 
and evacuated without heating The thermocouple is attached and the reactor placed in the 
safety shield A quantity of fluorine which is at least three times the stoicheiometric amount 
required and sufficient to develop a fluorine pressure of at least 750 lbin' 2 within the reactor, 
is measured into the burette Some of this fluorine is admitted to the sample at room tem¬ 
perature to desensitize impurities that are highly reactive with fluorine. After 1 min, the 
Dewar within the shield is raised to immerse the lower portion of the reactor in liquid 
nitrogen, and the remainder of the fluorine is admitted When the fluorine pressure drops 
to about 300 mm of mercury, the approximate vapour-pressure of fluorine at liquid nitrogen 
temperature, the valve of the reactor is closed. The line between the reactor and the burette 
is then evacuated, and the reactor is disconnected from the fluorine manifold The Dewar 
containing the liquid nitrogen is lowered, permitting the liquid fluorine to boil and build up 
pressure When the reaction takes place (usually before the reactor reaches room tem¬ 
perature), the reactor tube heats almost instantaneously to 200-400° C 

The reactor is cooled for about a minute in air, and then m liquid nitrogen to liquefy 
the fluorine and oxygen, which reduces the pressure. These gases arc then removed using 
the vacuum manifold (Fig 2) Reheating to about 100° C with the valve closed, followed 
by flash pumping at ice-brine temperature, purifies the uranium hexafluoride adequately 
for admission into gas-type mass spectrometers. 

RESULTS 

Several thousand oxide samples have been fluorinated by this method. The 
uranium hexafluoride is of high purity, and the yield is approximately 95 per cent. 
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Rush «M^w 4aive been prepared for introduction into the mass spectrometer iji 
less tea® 15 »in- A 2 g sample of uranium oxide can be fluorinated with a total of 
0-4 man hours of labour, including fabricating the reactor tube and cleaning the 
reactor valve. 


DISCUSSION 


Activators 

The potassium chloride activator apparently serves only as an igniter or energy 
supplier rather than a catalyst since many materials initiate the reaction between 
uranium oxide and fluorine under high pressure. Iron oxides, potassium tartrate, 
and silicic acid in addition to the chlorides, bromides and iodides of potassium and 
sodium, have been observed to promote this reaction. Some impure samples of 
uranium oxides reacted with fluorine without the addition of an activator; however, 
purified oxide samples under the same conditions would not react with fluorine with¬ 
out the presence of some starter material. 

All of the uranium oxides can be fluorinated using potassium chloride as the 
activator but potassium iodide is a much better activator for uranium tetrafluoride. 
With potassium iodide, yields of approximately 85 per cent have been achieved. 
With the proper activator the method may be useful for fluonnating a variety of 
other materials. 


Fluorination of uranium metal 

Fine turnings of metallic uranium react violently with fluorine under high 
pressure, usually bursting the reactor, whereas massive pieces do not fluorinate at 
room temperature with potassium chloride as an activator Metal samples should 
be ignited to uranium oxide before fluorination. 

Purity 

Impurities in uranium hexafluoride prepared by the described method have been 
determined using recording gas-type mass spectrometers. Mass spectrum data show 
only trace amounts of chlorine, hydrofluoric acid, and chloryl fluoride (CIO 2 F). 
The purity of the product is dependent upon that of the starting material, the fluorine, 
the amount and type of activator used, and the purification treatment after fluorina¬ 
tion. The method has consistently produced samples that meet the stringent purity 
requirements for highly precise uranium isotopic measurements by mass spectrometry. 

Explosions 

Occasionally the reaction may burst the reactor tube. For this reason fluorina- 
tions are performed with the reactor tube in a shield of steel pipe. The cause of these 
infrequent explosions has not been determined, but they may result from an impurity 
that activates the entire charge of the reactor at once, producing a reaction more 
violent than the usual rapid burning. Some of the impurities that have been suspected 
are carbon, platinum, silver, chromium and boron. These impurities have been 
added m a concentration of approximately fifty parts per million to test samples of 
pure oxide, but these adulterated samples produced no explosions. Alteration of 
oxide surface area and slight traces of moisture appeared to make little difference in 
explosion susceptibility. 
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The tendency of impure oxides to cause explosions during ftuorination can be 
reduced by treating them with hydrofluoric acid. This treatment consists of placing 
a few grammes of the oxide in a platinum dish, and covering with 48 per cent hydro¬ 
fluoric acid, drying under an infra-red lamp, and igniting to the oxide in a steam 
atmosphere at 800°C. Uranium trioxide samples usually do not require the hydro¬ 
fluoric acid treatment. The frequency of explosions has also been reduced by modify¬ 
ing the procedure in such a manner as to expose the sample first to gaseous fluorine 
at room temperature, which renders inactive those impurities which are highly reactive 
with fluorine. 

Reactor tubes 

Experience has shown that increasing the wall thickness of the copper reactor 
tubes from 0-032 to 0-049 in. reduced the frequency of tube ruptures to less than one 
in 500. The heavier walled tube withstands a pressure of nearly 9000 lbm-2 at room 
temperature, while the thinner ones rupture at approximately 5500 lbm~ 2 . 

A new reactor tube is used for each sample, since a new tube costs no more 
than cleaning a used one 


Operating pressures 

A special fluormation reactor was constructed with an attached pressure gauge 
for studying minimum initial reaction pressures with pure urano-uranic oxide. 
Reactions could not be produced below 750 lbin~ 2 of fluorine pressure at room 
temperature with potassium chloride as the activator: however, in routine operations 
where approximately 1000 lbnr 2 fluorine pressure is used, the majority of the reac¬ 
tions start below room temperature The reactions begin at a lower pressure with 
potassium iodide than with potassium chloride as the activator. 

Prevention of isotopic and chemical contamination 

In a laboratory where a range of isotopic concentrations of uranium is handled, care 
must be taken to prevent contamination of one sample by another. For this reason several 
vacuum systems are used to minimize accidental contamination All reactor valves are 
coded and each valve is used for samples in a limited isotopic range. Each vacuum system 
is also restricted to a designated isotopic range. 

The reactor, after being charged with fluorine and while still within the shield, is dis¬ 
connected from the fluorine manifold before the reaction to avoid contamination df the 
manifold in event a leak of the reactor valve occurs The use of a new reactor tube for each 
sample also greatly reduces the possibility of isotopic contamination. 

Heat should not be used in the evacuation of the sample before fluormation. Heating 
the sample during evacuation causes a sudden rise in pressure, probably due to rapid vapouri¬ 
zation of contained water, forcing some of the powdered sample into the evacuation lines 
and contaminating them This phenomenon was observed with uranium trioxide in a glass 
system. 

Contamination with organic materials must be prevented where fluorine is used. 
Organic solvents are never used in cleaning fluorination apparatus, as even small amounts 
of such material can cause serious explosions with fluorine. 

(4> R. H. Lafferty, J. C. Barton and J. A. Westbrook, Liquid Fluorine-CottonExplosion , 
Chemical and Engineering News, Vol. 26, p. 3336. Amer. Chem. Soc. (1948). 
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NATURE OF THE ANODIC TELLURATE WAVE AT 
THE DROPPING MERCURY ELECTRODE 

B. Jaselskis and J. G. Lanese > 

Department of Chemistry, University of Michigan, Ann Arbor, Michigan 
{Received 11 September 1961) 

Abstract—Tellurate solutions at the dropping mercury electrode show an adsorption type 
anodic wave in the vicinity of zero volts vs. S.C.E. The presence of this anodic wave is 
attributed to depolarization of mercury electrode and the formation of an insoluble mercurous 
tellurate film given by the reaction 2 Hg°+H 6 Te06 -» Hg2H4TeC>6+2H + +2e. Under 
similar conditions an anodic wave is not observed with tellurite, selenate, selenite and 
arsenate. 

At the dropping mercury electrode tellurate shows a well defined cathodic wave. 
The nature of this wave and analytical applications have been described by Norton 
et a/. (1) Closer examination of dilute tellurate solutions reveals the presence of an 
anodic wave in the vicinity of zero volts vs. S.C.E. in addition to the reported cathodic 
wave. In a limited concentration range this wave is proportional to the concentra¬ 
tion. The nature of this anodic wave is of interest and is described in this paper. 

EXPERIMENTAL 

Apparatus. Polarograms were recorded by a Sargent Model XXI polarograph using 
a thermostated polarographic H cell with an external reference electrode. Both the saturated 
calomel and the saturated mercury-mercurous sulphate electrode were used. Oxygen was 
eliminated by passing a purified nitrogen thrdugh the solution. 

Materials. Buffer solutions of a desired ionic strength were prepared from the reagent 
grade chemicals. The ionic strength was adjusted with potassium sulphate. Telluric acid 
was obtained from the Amend Drug and Chemical Co. and also was prepared from a pure 
metallic tellurium by the oxidation procedure described in the Brauer’s Handbuch der 
Praeparativen Anorgamschen Chenue. (1) Mercurous tellurate (later referred as a black 
precipitate) was prepared by electrolysis of tellurate buffered solutions using mercury pool 
electrode at the potential set slightly more positive than the calomel electrode or by reacting 
metallic mercury with tellurate without an applied potential. 

Polarograms of tellurate solutions. The anodic portion of polarogram was recorded by 
changing the potential of the dropping mercury electrode from negative towards positive 
potentials. In this manner smooth curves were obtained. Otherwise at high concentrations 
of tellurate the anodic curve shows some irregularities. 

EXPERIMENTAL RESULTS 

Anodic tellurate waves. In Britton and Robinson buffer solutions at pH 10 in 
the presence of chloride the tellurate ion shows a well defined anodic wave in the 
vicinity of zero volts vs. S.C.E. At lower pH’s this wave is poorly defined and can 
be overlooked. Better results can be obtained when the mercury-mercurous sulphate 
reference electrode is used in the bicarbonate-carbonate buffer solutions containing 
potassium sulphate. A typical polarogram of a dilute tellurate solution is shown in 

(n E. Norton, R. W. Stoenner and A. I. Medalia, J. Amer. Chem. Soc. 75, 1821 (1953)' 
,2) G. Brauer, Handbuch der Praparativen Anorganischen Chemie, pp. 348, 349. Ferdinand 
Enke, Stuttgart (1954). 
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Fig. 1. At higher concentrations of tellurate than 8 x 10-* M the anodic wave forms 
a poorly defined prewave. Similar prewave for halide solutions has been observed 
by Kolthoff and Okinaka <3) and has been attributed to the formation of a mono- 
molecular layer of the mercurous halide. 



E vs. Hg/Hg 2 S0 4 

Fig. 1.—Polarogram of 5 + 1(H M tellurate in bicarbonate-carbonate buffer _ 

The limiting current is directly proportional to the height of mercury column 
and it is inversely proportional to the temperature if the concentration of tellurate 
is above 8 X 10~ 5 M. At temperatures over 65°C the anodic wave disappears. 
Temperature effect on the anodic diffusion current changes somewhat with the 
concentration of tellurate. Changes become pronounced when the tellurate ion 
concentration is less than 8 x 10' 5 M. 

ElectrocapiUary characteristics. Electrocapillary characteristics of the tellurate 
solutions are considerably different from those of the supporting electrolyte alone 
as shown in Fig. 2. The electrocapiflary curve for the tellurate solution shows a 
maximum at approximately the half-wave potential of the anodic wave and also 
a broad shoulder in the vicinity of the electrocapillary maximum of the supporting 
electrolyte. Similar electrocapillary behaviour has been reported by Benesch and 

(3( I. M. Kolthoff and Y. Okinaka, J. Amer. Chem. Soc. 83,47 (1961). 
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Benbsch< 4 > for the reduction of organic mercury compounds. The drop time of 
mercury decreases progressively by increasing'the concentration of tellurate until 
a saturation concentration is reached, approximately 8 x 10~ s M. The addition of 
various maximum suppressors have no effect on the diffusion current. Some effect 
is observed with Triton X-100 and camphor. In the presence of OT per cent of 
Triton X-100 electrocapillary curve for tellurate is somewhat depressed but the 
general shape remains the same as for the telliirate alone. The results indicate that 
mercurous tellurate and Triton X-100 are both absorbed simultaneously and that 
no replacement of the one film by the other takes place. In the presence of chelating 
agents such as ethylenediaminetetracetate the anodic wave disappears. 



Fio 2.—Electrocapillary curves: 01 M carbonate-bicarbonate and 0 1 M 
potassium sulphate buffer solution in the presence and in the absence of 

tellurate. 

Dependence of the limiting current and half-wave potential on concentration, pH 
and ionic strength. The limiting current for the anodic wave increases with the 
concentration of tellurate until a saturation value is reached. Approximately the 
same values of saturation currents are obtained with the buffer solutions investigated. 
However, the dependence of a limiting current on concentration is somewhat affected 
by the composition of the buffer as shown in Fig. 3. In phosphate buffer solutions 
the reproducibility of the limiting current is poor. The half-wave potential for the 
anodic wave becomes more negative with the increasing pH. It changes in a linear 
manner with pH. The slope for the curve of the half-wave potential vs. pH is ap¬ 
proximately 0-062. The half-wave potential also varies in a linear manner with the 
logarithm of the tellurate ion concentration. The slope for this curve is approximately 
0-020. Variation of the half-wave potential with the pH and with the logarithm of 

(4> R. E. Benesch and R. Benesch. J. Phys. Chem. 56, 648 (1952). 




Fig 3 —Height of the anodic wave as a function of tellurate ion concentration. 



Fig. 4. Half-wave potential of the anodic wave as a function of pH and the negative 
logarithm of the tellurate ion concentration. (Solid line—vs. pH and the dashed line¬ 
ns vs -log (TeOi). 
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Nature of the anodic triturate wave at the dropping mercury electrode ' * 

* f > \r,' 

the tellurate ion concentration is shown in Fig. 4. The limiting current and the ' 
half-wave potential dependence on the concentration of teilurate and pH is shown 
in Table 1. 


Table 1.—Polarooraphic measurements on tellurate solutions 


Concentration 

of 

tellurate 

(mM) 

Anodic 

diffusion current 
i(M) 

Anodic half-wave 
potential* 

(v) 

pH 

of the supporting 
electrolyte 

0 0069 

010 

0-364 

9-70t 

00245 

0-37 

0-378 

»» 

00323 

0-46 

0 381 

»» 

0 0578 

0-88 

0-383 

«• 

0 0804 

1*19 

0-385 

II 

0 050 

0-71 

0 318 

8-58t 

0 050 

0-69 

0-341 

8-89t 

0 050 

0-71 

0-387 

9-74T 

0050 

0-71 

0-426 

10-611 

0050 

0-73 

0-465 

11 16t 


* Anodic potentials are measured against mercury-mercurous sulphate reference 
electrode 

t All buffer solutions contain potassium bicarbonate-carbonate and potassium sulphate. 


Variation of the ionic strength by a factor of ten has no effect on the half-wave 
potential. 


DISCUSSION 

Diffusion current dependence on concentration, electrocapillary characteristics 
and visual observation of mercury droplets suggest that the anodic wave is due to 
the formation of an isoluble film and adsorption of tellurate ions. During polaro- 
graphic scanning of tellurate solutions mercury droplets are covered with a black 
precipitate. Lingane and Niedrach< 5) report a similar precipitate for the reduction 
of the tellurite ion in the vicinity of the tellurite reduction wave. The nature of this 
precipitate has been attributed to the formation of the metallic tellurium. However, 
the black precipitate, which is formed by the reaction of tellurate with the metallic 
mercury without or with an electrical potential applied, is quite different from that 
reported by Lingane and Niedrach.< 5 > This precipitate contains mercurous and 
tellurate ions. The composition of this precipitate corresponds to 65 per cent 
mercury and 18 per cent tellurium. The empirical formula of the black precipitate 
cannot be ascertained unambiguously since it appears to vary somewhat with the 
conditions of the preparation. These results compare favourably with the mercurous 
tellurate. (Hg 2 H 4 Te0 6 ; 64% Hg: 20-3% Te.) 

Formation of anodic waves at the dropping mercury electrode by halide solutions 
have been described by Kolthoff and Miller< 6) and by Ravenda.™ Similar 

<5) J. J. Lingane and L. M. Niedrach, J. Amer. Chem. Soc. 71, 196 (1949). 
l6) I. M. Kolthoff and C. S. Miller, J. Amer. Chem. Soc. 63, 1405 (1941) 

(7) J. Ravenda, Coll. Trav. Chim. Tchecosl. 6, 453 (1934). 
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anodic waves have been reported for periodate by JensovskyW and for organic 
mercury compounds by Benesch and Benesch. < 4 > In all cases the mercury electrode 
is depolarized by the formation of an insoluble mercurous salt. Thus, the nature of 
the anodic wave of tellurate solutions at the dropping mercury electrode is attributed 
to the depolarization of mercury and the formation of an insoluble film of mercurous 
tellurate by the reaction * 

2Hg°+H 6 Te0 6 - Hg 2 H 4 TeO ft +2H + +2<?. 


Hence the half wave potential is related to the concentration of tellurate and pH 
by the equation 


0-0591 Te(VI) 
E i — constant-—— log —-— 


—0-0591 pH. 


Thus the half wave potential should vary as the logarithm of the tellurate concentra¬ 
tion and as the pH Experimentally determined slopes for these variations are 0 020 
and 0-062 respectively. 

The reversibility of the anodic depolarization by tellurate has been evaluated 
from the slope m the plot of the logarithm of ( i d -i ) vs potential of the dropping 
mercury electrode 

„ 0-0591 

iSdmc = constant--— log (ij-i) 


The slope for the anodic tellurate wave in the concentration ranges below 
8xlO- 5 is approximately 60 mV For more concentrated tellurate solutions than 
8 X 10-5 M two slopes are obtained; 60 mV for the major portion of the wave and 
125 mV for the prewave These results clearly indicate that the tellurate anodic 
wave is irreversible, and the adsorption wave is still much more drawn out 

All these observations suggest that the anodic tellurate wave is a surface-film 
limited wave not, strictly speaking, an adsorption wave 

,8) L. Jensovsky, Coll Trav. Chim Tchecosl 22, 311 (1957) 
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THE EXTRACTION OF NITRIC ACID BY LONG 
CHAIN TERTIARY AMINES 

F. Baroncelli, G. Scibona attd M. Zifferero 1 , 

Gruppo Reprocessing del C.N.E.N. c/o Istituto di Chimica Farmaceutica 
dell’University di Roma 

{Received 23 August 1961) 

Abstract—Nitric acid is extracted into benzene solutions of long chain tertiary amines to 
an extent which is m excess of the quantity required for salt formation. This excess is due 
partly to the extractive properties of the benzene and partly to the properties of the amine 
nitrate solution. 

For the portion of acid extracted by the amine salt a partition co-efficient is introduced 
which is a linear function of the amine concentration. 

Simple equations are given to compute the amount of HN0 3 extracted into the organic 
phase in a wide range of acid concentration (0-16 M) and amine concentration (0 05-1 M). 
To obtain information on the nature of the nitric acid present in the organic phase, infra-red 
spectroscopy was used The existence of ion pairs [R 3 NH + N0 3 ]° was shown An increase 
of the amine nitrate concentration promotes the formation of higher orders of association. 

The extraction of nitnc acid from aqueous solutions, using long chain aliphatic 
amines dissolved in a hydrocarbon diluent, has received increasing attention from 
the time it was first reported by Smith and Page.<>> A number of papers have ap¬ 
peared <2 ~ 12) on nitric, hydrochloric, sulphuric acid extraction mainly in connexion 
with the use of amine-diluent systems in the recovery of uranium and thorium from 
ores and with the potential application of amines m the reprocessing of irradiated 
fuels. From a survey of this literature it is quite evident that the amine-diluent 
system is capable to extract the acid to a greater extent than that compatible with 
a salt formation reaction 

This investigation was undertaken with the aim to study the partition of nitric 
acid between an aqueous phase and a benzene solution of tri-n-dodecylamine (TLA) 
and to gather information on the physical state of nitnc acid in the organic phase 
by means of infra-red spectroscopy. 

(u E L Smith and J. E Page, / Soc. Chem Industr 67,48 (1948). 

F. L. Moore, Report ORNL 1314 (1952) 

<3) K A. Allen, /. Phys. Chem. 60, 239 (1956). 

<«> K A Allen, /. Phys. Chem. 60, 943 (1956). 

(5) F L Moore, Analyt. Chem 29, 1660 (1957) 

<«> K A Allen, / Phys Chem. 62, 1119(1958) 

<7 > U Bertocci, Report AERE/R/2933 (1959) 

<*> C. Boirie, Bull. Soc Chim , France, 980 (1959) 

191 M. de Trentinian and A. Chesne, Compte rendu du colloque de extraction par solvent 
J.E.N. Madrid 29-30 oct. 1959—Pag. 319. 

(10 > G. Scibona, Report CNCM3 (1950). 

11 ** M. Zifferero and F. Baroncelli, Report CNC-41 (1960). 

(12) D. J. Carswell and G G. Lawrance, /. Inorg. Nucl. Chem. 11, 69 (1959). 
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Our results indicate that nitric acid in a benzene solution of a tertiary long chain 
amine (°) is partly free as molecular nitric acid and partly bound to form ion pairs 
[R 3 NH + NOtJ°. 

*°> The investigation was extended also to other aliphatic amines', they all followed 
closely the TLA behaviour. 


EXPERIMENTAL 

Reagent source and purity 

Trilaurylamine was supplied by Rhdne & Poulenc in a special high purity batch. The 
amine purity was checked with a determination of the equivalent weight as resulting from 
a potentiometric non aqueous titration, the agreement with the calculated molecular weight 
being within 1 per cent 

The benzene and the other chemicals were reagent grade products. 

Extraction procedure 

Equal volumes of aqueous and organic phase were stirred at constant temperature 
(25 ±0 1°C). Phase equilibrium was reached in less than 1 min m all the cases. Phases 
were separated by centrifugation and suitable aliquots were taken for analysis A similar 
procedure was adopted to determine the solubility of nitric acid in benzene. 

Method of analysts 

A normal volumetric procedure was followed to obtain the acid content of the aqueous 
phase. 

A potentiometric titration with potassium isopropilate was chosen for the organic 
phase after a dilution with a mixture of ethylene glicol and isopropanol. 

A two steps titration pattern was noticed due to the excess acid titration (first step) 
and to the amine nitrate titration (second step) 

Water determination 

H 2 0 was determined using the Karl Fischer method with a Townson & Mercer 
apparatus. The results are only indicative due to the interference of nitric acid. 

Infra-red spectroscopy 

All spectra were recorded by means of a Perkin-EImer Model 221 double beam spectro¬ 
photometer, equipped with rock salt optic Cells 0 055 and 0 062 mm thick were employed 



Acid cone m aq. phase, M 

Fra. 1—Equilibrium isotherm for the system- 0 05 M TLA in benzene- 
aqueous nitric acid. 
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RESULTS AND DISCUSSION 

Nitric acid isotherms 

The equilibrium isotherms for nitric acid-TLA at different amine concentration 
(Fig. 1-4) substantiate the hypothesis that the acid extraction is characterized by 
salt formation reaction, followed by the extraction of more acid from the organic 
phase, depending on the amine concentration. The isotherms in fact are straight 
lines whose intercepts with the vertical axis correspond to an organic nitric acid 
molarity equal to the amine molarity. This coincidence (within the limit of the 
experimental error) unambiguously attests the formation of the amine mononitrate. 

A partition co-efficient a° can be therefore introduced for the excess nitric acid 
extraction, which is a linear function of the amine molarity; 


where 


= z -R 3 N = 


HNQ 3org 

HN0 3iq 


HN0 3 org = at HN0 3 = 2 RjN HNOj „ 


( 1 ) 

( 2 ) 


indicates the concentration of nitric acid extracted in a reversible way (which can 
be washed back by water scrubs). 



Fig. 2. —Equilibrium isotherm for the system: 01 M TLA in 
benzene—aqueous nitric acid. 

The angular co-efficient a° of equation (1) can be calculated from the slope of 
the isotherms. If one plots the angular coefficients a° as a function of the amine 
concentration (Fig. 5), straight lines are obtained, passing through the origin, whose 
slope is the experimental parameter z. 

If now a new, more general, partition coefficient Dt is introduced, relating the 
distribution of the nitric acid between water and a hydrocarbon solution of the 
free amine, it will be- 

= HNQ 3toUlofg (3) 

‘ HNOj„ 

HN0 3 toUl now indicating the concentration of the total extractable nitric acid. 
Equation (3) can therefore be written: 

no = R 3 NHNQ 3 +aff-HNQ 3 M (4) 


HNOj tq 
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Fig. 3.—Equilibrium isotherm for the system 0-5 M TLA in benzene—aqueous 
nitric acid.° are points corrected for HNCh extraction in pure benzene 



Fkj 4.—Equilibrium isotherm for the system: 1-0 M TLA in benzene—aqueous 
nitric acid. ° are points corrected for HNO 3 extraction in pure benzene. 




The attraction of nitric acid by long chain tertiary amines 

io pr es en ce of sufficient nitric acid, is: 

R 3 NHNO 3 = RjN, and 

°”-“ R!N '(HNk; +z ) » 

Therefore this partition coefficient D° is an hyperbolic function whose limits 
(HNO 3 concentration varying from O to 00 ) are; 

D° t approaches 00 when HN0 3 m approaches 0 
D\ approaches z^N when HNOj approaches 00 . 

z is an experimental parameter which can be calculated, as shown, from the 
equilibrium isotherms. These in fact are (equation 5) straight lines with intercept 
R 3 N and slope z-R 3 N. 

0 


<*° 0 


TLA molonty 

Fig 5 —a " versus amine concentration 

It is worth noticing that a few isotherms (Fig. 1 and 2) show a parabolic course. 
This deviation from lineanty may be explained m terms of additional nitric acid 
extraction due to the benzene itself 

A short investigation on this matter (Fig. 6 ) has shown that the equilibrium 
isotherm of the benzene-HNC >3 system is described by the following equation ■ 

HNO 3 aq = a 0 +Z>HN0 3 t^n.+cfHNOjP _ ( 6 ) 

with a B = 6-075, b = 75-238, c = —165-9 obtained with the compensation method. 

The extraction of nitric acid into benzene has been studied in the nitric acid 
concentration range 6-14M since the quantity of nitric acid ectracted at lower acidity 
is quite negligible In Table 1 a summary of the equilibrium data is given 

If one takes into account this additional extraction due to the amine diluent, 
equation (5) must be suitably modified to include this new variable, equation (7) is 
so obtained. 

= R 3 N(1 +zHNQ 3 m)+F (HNO 3 J (7) 

8 hno 3 „ 

F(HNC >3 »q) taking care of the extraction of nitric acid into the benzene. 
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Once known, the contribution of the benzene to the extracted nitric acid can be 
subtracted and in this case the course (dotted lines) of isotherms in Fig. 1 and 2 is 
brought back to linearity. As told before the effect of additional nitric acid caused 
by the extraction in benzene is noticeable only at high molar aqueous acidity for low 
amine molarities. This explains the linear course of most isotherms. 



Fio 6.—Extraction of HNOj in pure benzene as a function of HNOj concentration 
m the aqueous phase. Experimental 0 calculated with equation (6). 


Table I .—Extraction of HNOj in benzene at increasing HNOj 
CONCENTRATION IN THE AQUEOUS PHASE 


aq. HNOj at equil. 

(M) 


6 10 
8 24 
1003 
11-52 

13 02 

14 35 


org. HNOj at equil. 
(M) 


6 7 x 10-3 
2-6 x-10-2 
5 1 x 10-2 

1 Ox 10-i 
1-8x10-' 

2 6xl0-i 


Flg r ? ^ distribution coefficients D° are plotted against HN0 3 (the asymp- 
c lines for the mtnc acid (0-14 M) are in agreement with the value z-R 3 N within 
a 10 per cent error); dotted lines departing from solid lines showing the actual 
behaviour if the effect of nitric acid extraction in benzene is deducted. 



The extraction of nitric acid -by long chain tertiary amines 411 


! 



Fig 7 — D \ as a function of HNO 3 concentration in the aqueous phase for three 
different TLA concentrations. 

The fact that nitric extracts appreciably in benzene was recently reported :<*3> 
the authors explain the increase of the extraction at higher acidities of the aqueous 
phase as due to a concurrent decrease of the acid dissociation. 

Infra-red spectra 

The spectra were all recorded m benzene solution Mixtures of TLA and HNO 3 
with a ratio p (nitric acid conc./amine cone.) between 1 and 3 were used, a value of 
p— 1 corresponding to the stoicheiometry of the salt formation reaction. 

The vibrations of HNO 3 are reported in Table 2. The spectra of benzene solu¬ 
tions at different concentration of TLA-HNO 3 with p= 1 show a band at 833 cm* 1 . 
From a survey of the data reported in references,< 14_17) this band can be ascribed to 
the nitrate ion. In fact, the nitrate ion has four fundamental modes of vibration, all 
of which may be observed in the infra-red in suitable cases, but only two are generally 

(13) A. A. Grinberg and G. S. Lozhkina, Zh. Neorg. Khim. 5, 738-44 (1960). 

<M * O. Rieduch and L. E. Nielsen, J. Amer. Chem. Soc. 65, 654 (1943). 

(l5) D. A. Marcus and J. M. Fresco, J. Chem. Phys. 27, 564 (1957). 

" 6> S. A. Stern and J. T. Mullhaupt, Chem. Rev. 60, April (I960). 

(|7) L J. Bellamy, Infra-red spectra of complexes molecules. J. Wiley, New York (1954). 
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sufficiently sharp to be used for identification purposes. These are the vibration 
which occur near 1350 cur 1 and 830 cm 1 In our case, we use only the 830 cm* 1 
because the benzene absorbency is strong in the 1350 cm -1 region. (On the other 
hand, it is not advisable to change the solvent, since the isotherms were studied in 
benzene solutions) 


Table 2 —Vibrations and frequencies of nitric acid (on' 1 )* 


No. 

Symmetry and assignment 

Infra-red liquid 

1 

A, 

NO 2 

stretch 

1300 s 

2 

A, 

N-0 

stretch 

922 s 

3 

A, 

NO 2 

bend 

690 m 

4 

b 2 

NO 2 

stretch 

1670 s 

5 

b 2 

N-OH 

bend 

— 

6 

B, 

out of plane 

bend 

769 m 

7 

A, 

O-H 

stretch 

3380 m 

8 

A, 

O-H 

bend 

1340 

9 

A, 

O-H 

torsion 

— 


* For a description of these vibrations see references (14), (15), (16) 

The 1350 cm* 1 and the 830 cm* 1 frequencies are assigned to the N0 3 ion (14 > 16 > 


The presence of the 833 cm -1 band and the absence of the symmetrical and 
asymmetrical N0 2 stretching modes,U7- ,9 > and of the N-O stretch confirm the 
existence m solution of [TLAH + NOj]° ion pairs 

By increasing the concentration (p=l) of TLA and HN0 3 from 0 05 to 0-5, 
besides the 833 cm i band, a new band appears at 825 cm 1 This fact should be 
ascribed to an order of association higher than the simple ion pair Such an assump¬ 
tion is in agreement with the behaviour of alkyl ammonium salts whose solutions, 
m low dielectric constant solvents, form ion pairs, triple ions, quadruple and greater 
orders of association 

By increasing the concentration of the nitric acid in the organic phase, the 
mass action law of association can suffer a reversal resulting in a decrease of the 
degree of association This occurs in the case of TLA-HNO3 mixtures with p > 1 
In fact the infra red spectra of systems in which p is gradually increased from f to 
3 (Table 2 gives a summary of the main frequencies) yield the following observations, 

(i) the 825 cmband vanishes 

(ii) the 940 cm* 1 , 1300 cm -1 , 1650 cm -1 bands increase strongly in intensity 

(iii) the 833 cm~' band increases very weakly 

The disappearance of the 825 cm* 1 band is in agreement with the previous picture, 
depending on a decrease of the degree of association 

The presence of iq, u 2 , i> 4 stretching modes is characteristic of the case p > 1. 
They can be used to establish if the concentration of nitric acid in solution exceeds 
the amine molarity. These frequencies are due to molecules of nitric acid which may 
be free and m dimer form. The presence of water in solution suggests the possibility 
of a hemihydrate (HN 03 ) 2 -H 2 0 (Table 3), and the shift of the i> 2 rnode to 940 cmr 1 , 

<18> E - Lieber, D. R. Levering and L. J Patterson, Analyt. Chem. 23, 1594 (1951). 

,19) F. Pristera, Analyt Chem. 25, 844 (1953) 
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probably due to the hydrogen bonding formation, is in agreement with this hypo¬ 
thesis. The split of 02 in two strong bands as pointed out in reference* 2 ® was not 
verified in our spectra. The very weak increase of the 833 cnr 1 band suggests that 
only a little amount of this nitric acid is in the form of nitrate ons. 


Table 3.— Extraction of H 2 O in benzene at different HNOj 
MOLARITIES OF THE AQUEOUS PHASE I, 


HNOj aqueous 

(M) 

H 2 O m benzene 

(M) 

HNO 3 in benzene 

(M) 

6-200 

1-1 x 10-2 

6 7 x 10-J 

8-160 

1 5 xlO-2 

2 - 6 x 10-2 

10-02 

2 - 6 x 10-2 

5-2x10-2 

11-63 

4 3x10-2 

1-1 xlO-i 

14-50 

12 1 xl 0-2 

2 - 6 x 10-1 


CONCLUSION 

Nitric acid extracts into benzene solution of long chain tertiary aliphatic amines 
to an extent which is greatly in excess of the acid requested for the salt formation. 

This excess acid is due partly to the extractive properties of the benzene itself 
and partly to the properties of the amine mononitrate solution. 

For the portion of acid which is extracted by the amine salt a partition coefficient 
a has been introduced which is a linear function of the amine concentration, a is 
defined with the help of an experimental parameter z 

The infra-red spectra m benzene solutions indicate that when the HNO 3 /TLA 
ratio is > 1 , mtnc acid is present both free under molecular form and bound to the 
amine to form ion pairs. At HNC> 3 /TLA= 1, an increase of the salt concentration 
promotes the formation of higher orders of association. From this fact we are induced 
to consider a only as a partition coefficient between the two phases, bearing in mind 
that its linear dependence on the amine concentration can be explained with the 
increase of the dielectric constant of the amine phase. 

C J. Hardy, B F Greenfield and D Scaroill, J, Chem. Soc. 90 (1961). 
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INTERACTIONS BETWEEN TRIBUTYL PHOSPHATE, 
PHOSPHORIC ACID AND WATER* 

C. E. Higgins and W. H. Baldwin li , 

Chemistry Division, Oak Ridge National Laboratory, Tennessee 

(Received 2 October 1961; in revised form 1 November 1961) 

Abstract —The distribution co-efficient for phosphoric acid between tributyl phosphate 
(TBP) and water increased with the acid concentration in the inorganic phase and correlated 
with the water behaviour in the organic phase. Water accompanying the acid into the TBP 
was salted out after the ratio 3 TBPH3PO46 H2O was reached but levelled off at one 
water per TBP regardless of the phosphoric acid concentration over the range 1-4 moles 
H3PO4 per mole TBP. Evidence for a high degree of association in solutions of anhydrous 
H3PO4 and TBP was obtained from ebullioscopic molecular weight determinations in ether 
and the viscosity of undiluted solutions. The maximum viscosity occurred at the 3 H3PO4 
to 1 TBP ratio and was about three times that of anhydrous, super-cooled H3PO4. 

An earlier investigation* 1 ) into the interactions between TBP, monovalent elec¬ 
trolytes, and water has been extended now to include the polyvalent orthophosphoric 
acid. With the exception of sulphuric acid 121 all of the many TBP-acid studies have 
been concerned with the monobasic acids, thus information gained from distribution 
tests with a tribasic acid should be of interest. The industrial potential of TBP for 
the purification of phosphoric acid has recently been shown by Doumas.< 3 > 

The previously noted miscibility of anhydrous phosphoric acid and TBP (4 > made 
possible the investigation of interactions between these compounds in the absence of 
water. The method of continuous variation was employed for ebullioscopic molecular 
weight determinations and refractive index and viscosity measurements. 

EXPERIMENTAL 

Chemicals. Reagent grade orthophosphoric acid (86 1 per cent H 3 PO 4 ) was used to 
prepare the stock aqueous solutions. Removal of water by vacuum pump treatment of the 
86 per cent H 3 PO 4 gave solutions in the 86 to 100 per cent range. Anhydrous phosphoric 
acid— 3I P was prepared by mixing 5 me H 3 PO 4 — 32 P m weak HC1 with 1 14 g of 86 1 per 
cent H 3 PO 4 (0-010 mole) in a 50 ml Pyrex round-bottomed flask, freezing, then pumping off 
the volatile materials until the correct weight loss had been achieved, wanning no higher 
than 50° C durmg the drying operation. Solutions containing tracer 32 P were then prepared 
over the concentration range 10 -3 M to 15 M H 3 PO 4 , having specific activities of 0-25 to 
12 me per mole throughout the period of test. 

The organic chemicals were of reagent grade or were distilled before use. TBP was 
purified as before. 111 

* This paper is based upon work performed for the United States Atomic Energy 
Commission at the Oak Ridge National Laboratory operated by Union Carbide Corporation. 

111 W. H. Baldwin, C. E. Higgins and B. A. Soldano, /. Phys .Chem. 63,118 (1959). 

121 E. Hesford and H. A. C. McKay, J. Inorg. Nucl. Chem. 13, 156 (1960). 

131 B. C. Dogmas, Purification of Phosphoric Acid by Solvent Extraction, University Micro¬ 
films, Ann Arbor, Mich. (1961). 

(4) C. E. Higgins and W. H. Baldwin, J. Org. Chem. 21, 1156 (1956). 
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Distribution and solubility determinations. The distribution of phosphoric acid between 
water and TBP was accomplished by equilibrating the aqueous stock solutions with equal 
volumes (5-20 ml) of pure TBP and with TBP in various concentrations in organic diluents. 
The equilibration time was 1 hr in a water-bath at 25 ±0-2° C. A sharp phase layering was 
Obtained by centrifugation for 20-30 sec at 2,000 rev/min in an open centrifuge at a room 
temperature of 25° C without materially altering the solution equilibrium. <*> Any volume 
changes were noted, following which the phases were separated and stored in the bath. 

The distribution co-efficient, E?, in all cases refers to the ratio, after equilibration, of 
the concentration (moles per litre) of phosphoric acid in the organic phase to that in the 
aqueous phase. M„ and M» refer to molar concentrations of H 3 PO 4 in the organic and 
aqueous phases, respectively, while m 0 and m, refer to molalities. 

Approximate amounts of tributyl phosphate dissolved in the high concentration 
equilibrium phosphoric acid solutions were determined by extracting duplicate 50 ml 
samples several times with equal volumes of C.P carbon tetrachloride, concentrating, and 
pumping to constant weight at room temperature in weighed 50 ml round-bottomed flasks 
The solubility of TBP in dilute phosphoric acid solutions was previously determined with 
TBP- 32 P after the manner used for the reported solubilities in monovalent electrolyte 
solutions.«’> 

Dry TBP and anhydrous phosphoric acid mixed m mole ratios varying from 1!20 to 
100:1 formed clear, homogeneous solutions. 

Analysis of solutions. The phosphoric acid concentration in most solutions was deter¬ 
mined by titration of aliquots (aqueous phases in water and organic phases in 50 per cent 
ethyl alcohol) with standard sodium hydroxide using a Fisher Titrimeter, others by solution 
counting the beta activity, correcting, when necessary, for the effect of solution density on 
counting rate after the manner of Dyrssen.' 7 * Some equilibrium aqueous solutions were 
analysed by interpolation of their densities on a density vs. stock phosphoric acid concentra¬ 
tion curve. Values thus found agreed within ±1 per cent of the values found by titration. 

Water content in the equilibrium organic solutions (no diluent) was determined by use 
of the Karl Fischer reagent.* The TBP content was then found by subtracting from the 
weight of a known volume of organic solution the weights of water and phosphoric acid. 

Densities were determined at 25 0 ±0 2° C using calibrated weight pipettes of 0 500-4 
ml capacities. 

Solutions of TBP and anhydrous phosphoric acid in varying molar proportions were 
prepared for physical measurements. Refractive indices were obtained at 25 0“ C with an 
Abbd refractometer. Molecular weights were determined in ether by the ebullioscopic 
method of Menzies and Wright.'*- 91 An estimation of the viscosities at 25 was obtained 
by comparing the time to deliver ~0 4 ml between two marks 20 cm apart on a straight 
upright tube of 1-6 mm i.d. with that of glycerine (170 sec) as a standard The viscosities 

were calculated from the relationship:^-!- = where du d 2 and ti, t 2 are densities and 

It2 02 1 2 

delivery times, respectively, and n 2 for glycerine (d? 1 255) is 954 cpoise." (, > 

RESULTS AND DISCUSSION 

The distribution of phosphoric acid between pure TBP and water as a function 
of the equilibrium aqueous phase acid concentration is shown in Table ]. The 
semi-log plot, Fig. 1, shows E° falling into three separate sections depending upon 

* We are indebted to W. R. Laing and co-workers of the Analytical Chemistry Division 
for the water analysis. 

C. E. Higgins and W. H. Baldwin, Analyt. Chem. 32, 236 (I960) 

<«> C. E. Higgins, W. H. Baldwin and B. A. Soldano, J. Phys. Chem. 63, 113 (1959) 

(7) D. Dyrssen, Acta Chem. Scand. 11, 1771 (1957). 

<»> A. W. C. Menzies and S. L. Wright, Jr., J. Amer Chem. Soc. 43, 2314 (1921). 

( 9 ) w. T. Smith, Jr. and R. L. Shriner, The Examination of New Organic Compounds, 
pp. 63-66. J. Wiley, New York (1956). 

<1W H. Ley and U. Kirchner, Z. Anorg. Chem. 173, 395 (1928). 
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Table!. —Extraction of phosphoric acid and water by 100% TBP at 25° c 


Equilibrium aqueous phase Equilibrium organic phase 


Density 

(g/ml) 

H 3 PO 4 

concn. 

(M) 

Mole 

fraction 

H 3 PO 4 

Density 

(g/ml) 

H 3 PO 4 

concn. 

(M) 

Mole 

fraction 

H 3 PO 4 

1 

Mole 

fraction 

HjO 

Mole 

fraction 

TBP 


0-9971 

0-000 

0-0000 

0-9767 

0-0000 

0-0000 

0-499 

0-501 

0-0000 

1-018 

0-406 

0-0074 

0-9780 

0-0375 

00055 

0-492 

0-502 

0-0924 

1-041 

0 838 

0 0155 

0-9815 

0 106 

0-0150 

0-502 

0-483 

0-126 

1 062 

1 -26 

0-0233 

0-9864 

0-198 

0-0257 

0-538 

0-436 

0-157 

1-066 

1 33 

0-0250 

0-9875 

0-214 

0 0255 

0-582 

0-393 

0-161 

1 127 

2-56 

0-0500 

1-006 

0-583 

0-0654 

0-574 

0-361 

0-228 

1-193 

3-91 

0 0801 

1-029 

1-02 

0-105 

0-576 

0-320 

0-261 

1-319 

6-50 

0-147 

1 068 

1-84 

0-218 

0-415 

0-367 

0-283 

1 445 

9 18 

0 233 

1 -110 

2-71 

0-312 

0 346 

0 342 

0-295 

1 546 

11-4 

0-324 

1-151 

3-62 

0-388 

0-312 

0 299 

0-318 

1 615 

12-9 

0 398 

1-193 

4-53 

0-463 

0-267 

0-270 

0 351 , 

1 646 

13-6 

0 439 

1-220 

5 09 

0-500 

0-252 

0-248 

0-374 

1 743 

15-9 

0-609 

1-342 

7-71 

0-654* 

0-175* 

0 175* 

0-485 

1 752 

16 2 

0-643 

1-360 

8 10 

0-670 

0 165 

0-165 

0-500 


* Graphical interpolation. 



MOLARITY OF PHOSPHORIC ACID IN EQUILIBRIUM AQUEOUS PHASE 


Fig 1.—The relationship between distribution co-efficient and the equilibrium aqueous 

phase H3PO4 concentration. 

the aqueous phase concentration. Each section also mirrors the water extraction 
behaviour (columns 7 and 8, Table 1 and Fig. 2). At first E° increased linearly from 
0-01 to 0T oyer the range 10 _3 -0-5 M,, with the TBP-H 2 O ratio remaining constant 
at one in the organic phase. In the second section E° increased more rapidly with 
co-extraction of water and HjPO^ The maximum water to TBP ratio of 2 in the 
organic phase occurred at 4 M„. E° then began to level off as the addition of more 
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phosphoric add salted water out of the organic phase rapidly. In the last section E% 
rose rapidly from 0-3 at ~ 10 M, to 0-5 at 16 M,. Through this range the TBP-H 2 0 
ratio was that of the monohydrate regardless of the accompanying phosphoric add 
concentration. When the phosphoric add concentrations in each phase were con¬ 
verted to mole fractions, columns 3 and 6, Table I, it was noted that generally the 
mole fraction of phosphoric acid in the organic phase was nearly the same as that in 
the corresponding aqueous phase. 



Fig. 2 —Water behaviour in the organic phase. 


The amount of TBP going into the aqueous phase was not appreciable over the 
range 0-15 M a H 3 PO 4 (see Table 2). Phosphoric acid dissolved less TBP than water 
alone until the concentration exceeded 15 M a H 3 PO 4 . Anhydrous H 3 PO 4 dissolved 
TBP in all proportions at 25° C 

Table 2 —Solubility of TBP in phosphoric acid solutions at 25° c 


Equilibrium concentrations 

H3PO4 in queous 

TBP m aqueous 

(M) 

(mg/I.) 

000 

414* 

012 

388* 

0 29 

370* 

0-58 

336* 

1*14 

290* 

124 

not 

14-8 

3901 

TBP miscible with anhydrous H3PO4 


* Determined using TBP-’^P. 
t Determined by weight recovery. 
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1 The water behaviour in acid systems extracted by TBP is peculiar to the add 
itself. Phosphoric add carried water into the organic phase to the extent of about 
five molecules per molecule of add (initial slope, Fig. 2). Water co-cxtracted with 
the halogen adds in ratios varying from 3.T to 4.T <». From evidence obtained by 
an organic volume change technique,* 11 ) Tuck and Diamond* 1 *) have recently 
postulated the presence of a trihydrated hydronium ion in the TBP phase after contact 
with aqueous HBr, HC1, and HC10 4 . Small differences were found, however, and 
from these and other results * 1 > 21 the amount of water initially co-extracted by each add 
appears to decrease in the order H 3 PO 4 > HI > HBr> HC1 > HC10 4 > H 2 S0 4 > HNO 3 . 

Nitric add is a special case since it forces water from the TBP phase until the 
1:1 ratio of TBP and HNO 3 is reached .* 13 * 11 As additional nitric acid goes into the 
organic phase the water content begins to increase .* 131 The TBP appears to have 
approached its original monohyd rated state when the organic phase is about 
8 M HNO 3 . 

The organic phase add concentration at which water is squeezed out by additional 
acid also varies with the add. From the water-phosphoric add curve (Fig. 2) the 
maximum appears to have occurred when the organic phase has the approximate 
composition 3 TBP-H 3 P0 4 -6 H 2 0. If the organic solutions resulting from the 
extraction of perchloric and sulphuric acids by Hespord and McKay* 21 have densities 
similar to those reported here for the organic solutions containing phosphoric add 
and water then recalculating their data on a molal basis results in maxima at com* 
positions of approximately 2 TBP-HC10 4 *4 H 2 0 and TBP-2 H 2 S0 4 -2 H 2 0. The 
former does agree with the HC10 4 extraction data of Siekierski and Gwozdz.* 141 
Maxima for the halides * 11 occur at roughly TBP-0-7HX-3 H 2 0. The aforementioned 
minimum in nitric acids’ water curve, for which the densities of the equilibrium 
organic solutions arc known up to about 5 M„ HNO 3,* 151 occurs when the composition 
of the organic phase is close to TBP HNOj-s H 2 0. The exact ratio of HNO 3 to 
TBP at the minimum water content is actually 1-2 .* 131 

In previous work * 11 most of the univalent electrolytes tested approached a 1:1 
TBP-electrolyte composition in the organic phase, nitric acid alone exceeding this 
ratio. Here the polyvalent phosphoric add to TBP ratio was ~ 1 at 9 M H 3 P 0 4 in 
the equilibrium aqueous phase, rose to 2.1 at 13 6 M„ and continued to increase 
rapidly. This indicates polymerization in the organic phase at the higher acidities. 
Other evidence will be given in a later section. The maximum ratio obtained here 
was four, at an equilibrium aqueous phase H 3 PO 4 concentration of 16 M. Poly¬ 
merization increased and the distribution ratio rose rapidly since the limiting condition 
in the aqueous phase was being approached, that is, anhydrous phosphoric acid 
which was miscible with TBP. 

The extraction of nitric add by TBP up to as much as 2i HNO 3 molecules per 
TBP has been previously noted by Alcock el al . (131 T uck* 151 has postulated addition of 
the extra nitric acid molecules to the P-O-C oxygen atoms. Korpak and Deptula,* 161 

<‘» D. G. Tuck, J. Chem. Soc. 3202 (1957). 

(12) D. G. Tuck and R. M. Diamond, J. Phys. Chem. 65, 193 (1961). 

(13) K. Alcock, S. S. Grimley, T. V. Healy, J. Kennedy and H. A. C. McKay, Trans. 

Faraday Soc. 52, 39 (1956). 

(14 > S. Siekierski and R. Gwozdz, Nukleonika 5, 205 (1960). 

<'5> D. G. Tuck, J. Chem. Soc. 2783 (1958). 

1,61 W. Korpak and C. Deptula, NucleonUca 5, 63 (1960). 
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ia presenting evidence for the formation of the complexes TBP-HN0 3 , TBP-2HNOj, 
TBP-3HN0 3 , and possibly TBP-4HN0 3 , have made the same suggestion. Such 
a bonding arrangement would appear to be consistent with the observed viscosities 
of the organic solutions. As shown by Hesford and McKay,* 2 ) the viscosity increased 
very little, in fact beyond 1 M 0 HN0 3 decreasing until at 5 M 0 it was the same as the 
viscosity of monohydrated TBP itself. 

The extraction of phosphoric acid by TBP is a somewhat different case in that 
the TBP is contacting an inorganic relative which also has a phosphoryl group. Its 
dative bonded P -*■ O provides the opportunity for hydrogen bonding by an additional 
phosphoric acid molecule- at the higher acidities this results in several phosphoric 
acid molecules being associated with each TBP molecule Furthermore, cross linkages 
must be present since the structure of liquid phosphoric acids is known to consist of 
a complicated hydrogen bridge system.< 17 > The water curve, Fig. 2, though, does 
lead one to suspect that by the time the 1:1 ratio of TBP to H 3 P0 4 has been attained 
the phosphoric acid is connected to the P -*• O of the TBP by a hydronium ion. 

The acid extraction data in Table 1 have been recalculated on a molal basis 
and plotted in Fig. 3. Two straight lines result, the one of steeper slope lying between 
1 and 7 molal in the aqueous phase having the equation: 

m 0 — -—0-17+0 295 m a 

where m 0 and w a are moles H 3 P0 4 per kg of TBP in the organic phase and moles 
H 3 P0 4 per kg H 2 0 in the aqueous phase, respectively. The other, above 7 m a , is 
linear out to nearly 100 molal and bears the relationship 

m o =0-75+0-157m a 



Fig. 3 —The distribution of H3PO4 between TBP and water 

The difference in slopes in Fig 3 suggests that perhaps differences in extraction 
mechanism exist in the two regions covered. The intersection of the lines occurs at 
1-8 molal H 3 P0 4 in the organic phase, representing a mole ratio of H 2 P0 4 to TBP of 
0-5. From Fig. 2 it can be seen that this point is essentially the boundary between 
< 17 ' J. R. Van Wazer, Phosphorus and Its Compounds; Chemistry, Vol. 1, n. 489 Interscience 
New York (1958). 





Interactions between tributyl phosphate, phosphoric acid and water 421 

1 

the region where the H 3 PO 4 is highly hydrated and that in which only the one water 
molecule per TBP is tolerated. The steeper sloped line covers the region where the 
multihydrated H 3 PO 4 is extracted. The lesser sloped line, which covers the bulk of 
the plot, applies to the region in which compound formation between TBP and the 
phosphoric acid is probable. In phosphoric acid, then, we have a specimen apparently 
exhibiting both the Class I and Class II properties previously mqptioned.O) i.e., 
behaviour strongly affected by hydration (up tb 1*2 m in the organic phase), and 
specific TBP-acid complex formation (above 3-4 m), respectively. The stipulation 
in the latter case here is that a molecule of water is involved regardless of the number 
of phosphoric acid molecules in the polymer, presumably as a hydronium ion bridge 
between the TBP and the first phosphoric acid molecule in the chain. 

Additional evidence of two different extraction mechanisms was found by 
extracting at different temperatures solutions representative of each region in Fig. 3. 
When stock solutions of 2-92 M and 15 M H 3 PO 4 were extracted with TBP at 2, 25 
and 55° C the distribution co-efficient for the sample in the multi-hydrated H 3 PO 4 
region varied considerably, being 0-33, 0-23 and 0-14, respectively. In the region 
2 case, on the other hand, the distribution co-efficient was totally unaffected, remaining 
at 0-37 over the temperature span tested The bonds in the concentrated region are 
thus found to be stronger than those in the dilute range Water analysis divulged the 
information that the region 2 sample likewise was unaltered from the 1:1 TBP-H 2 O 
ratio at the temperatures of the test, but the water content of the region 1 sample was 
affected greatly by temperature At 55° the ratio was one At 2° the water to TBP 
ratio was 1 -30, considerably less than the ratio obtained when an equivalent amount 
of H3PO4 was extracted at 25° C, and not greatly different than the 1-2 F^O’s/TBP 
found for TBP saturated with water at 0° C. The water curve at the low temperature 
is at least displaced, while at 55° it appears to have flattened 

The effect of a change in diluents on the extraction of H3PO4 by TBP was obtained 
using 12 M stock H3PO4 and 2 per cent (by volume) solutions of TBP in carbon 
tetrachloride, hexane, cyclohexane, dibutyl ether and methyl ethyl ketone. The 
equilibrium organic phase acid concentrations were 0-003 M, 0-034 M and 0-036 M 
when the equilibrations were made with TBP in carbon tetrachloride, hexane, and 
cyclohexane, respectively—while the -diluents alone extracted no acid. TBP in 
dibutyl ether extracted the most and was 0-46 M, but dibutyl ether alone accounted 
for over half of this value, being 0-25 M in H3PO4 when no TBP was present. Methyl 
ethyl ketone was miscible with the 12 M H3PO4. The oxygen-containing solvents 
such as ethanol,<*®> butanol, ethyl acetate and acetone, <l9 > oxygenated cycloparaffins< 20> 
and ketones, esters and ethers * 21 > have all been used as solvents in the commercial 
production and purification of phosphoric acid. The distribution of phosphoric acid 
between water and ether has also been reported.< 22> 231 A detailed survey of solvents 
and extraction processes for phosphoric acid has been published by Doumas. (24) 

<>»> P. J Fox, J. Industr Engng. Chem. 6 , 828 (1914) 

1191 J. H. Gravell, U.S Pat. 1499611 (1924). Chem. Abstr. 18, 2790(1924). 

<2°> C. A. Vana, U.S. Pat. 1968544 (1934). Chem. Abstr. 28, 5937 (1934). 

< 2 » C. H. Keller, U.S. Pat. 1981145 (1934). Chem. Abstr. 19, 559 (1935). 

(22) M. Bachelet, E. Cheylan and J. Le Bris, J. Chim. Phys. 44, 302 (1947). 

1231 B. Helferich and U. Baumann, Ber. Dtsch. Chem. Ges. 85, 461 (1952). 

1241 B. C. Doumas, Purification of Phosphoric Acid by Solvent Extraction, p.p. 56-64. University 
Microfilms Ann Arbor, Mich. (1961). 
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Pronounced differences were found in the abilities of pure and diluted TBP to 
extract H 3 PO 4 . With a 2 per cent solution of TBP in cyclohexane E? increased from 
2 x 10"« at 4 M, to 5 x 10“* at 15 M, (Table 3). This is more than a two thousandfold 
increase whereas with pure TBP El rose only from 0-26 to 0-37 over this same con¬ 
centration range. In Fig. 3 is shown the extraction behaviour of TBP alone and 
diluted with cyclohexane and carbon tetrachloride. An aqueous phase molality of 
16 is necessary before the 2 per cent TBP in cyclohexane begins to extract the H 3 PO 4 
appreciably, while 27 m is required for the same concentration of TBP in CCI 4 . The 
difference in pure and diluted TBP’s extracting ability must be a result of the con¬ 
centration change, since in a diluent the TBP molecules are much fewer and farther 
apart, combined with a decrease m polarity in the organic phase. The poorer extrac¬ 
tion obtained when TBP is dissolved in carbon tetrachloride instead of cyclohexane 
is probably attributable to the effect of the diluent in altering the polarity of the 
phosphoryl group. 

Table 3.—Extraction of H 3 PO 4 — 32 P by 2% tbp in cyclohexane, t = 25° c 


H 3 PO 4 concentration (M) 

El 

Aqueous phase 

Organic phase 

4 02 

8xl0-« 

2x10-6 

600 

84x10-5 

1-4x10-5 

7-62 

3-60 xlO -4 

4 7x10-5 

8 02 

6 53 x JO -4 

8-14x10-5 

9-20 

3 59x10-5 

3-90 xlO' 4 

100 

9-57x10-5 

9-57 xlO' 4 

11 3 

2-64x10-* 

2-34x10-5 

12 5 

4-34x10"* 

3-47x10-5 

131 

5-05x10-* 

3-85x10-5 

14-9 

7 28x10-2 

4 89x10-5 


From Fig. 3 it is evident that the H 3 P 04 :TBP ratio did not exceed 1 in the dilute 
TBP solutions. With cyclohexane as diluent the H 3 PO 4 concentration levelled off at 
3-64 mole per kg TBP, very close to the 1:1 complex. The extraction of TBP from 
a 2 per cent solution in cyclohexane by phosphoric acid solutions was negligible over 
the range shown in Fig. 3, although anhydrous H 3 PO 4 removed all the TBP from the 
diluents. 

The usual method of determining the species extracted is to obtain the slope of 
a log-log plot of E° vs TBP concentration, keeping the aqueous phase at a constant 
composition. (2S) Normally the plot holds good up to 5 or 10 volume per cent TBP 
before deviations occur. However, from Fig. 4, in which values of £° resulting from 
the extraction of 13*1 M H 3 PO 4 — 32 P stock solution by TBP in cyclohexane are 
plotted over the range 0-2-100 per cent TBP, it appears that the complex here extracted 
depends on the amount of TBP present. The slope over the range 0-2-0-4 per cent 
TBP is 3-4, from 0-8 to 4 per cent it is 1 -6 to 1-4, and from 9 to 100 per cent it is 
1-04. The organic phase was saturated with one H 3 PO 4 molecule per TBP at 9-27% 
TBP, increasing somewhat above 1:1 at 20 and 100% TBP, the resultant aqueous 
phase concentrations being 13-0, 12-9 and 11-9 M, respectively. The other aqueous 
acidities remained at 13-1 M. 

(2SI T. V. Healy and H. A. C. McKay, Rec. Trav. Chim. 75, 730 (1956). 
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The .solvation numbers for a multitude of metal-TBP complexes have been 
established 1261 and good evidence of 1:1 species of HNO 3 I 23 ' 15 \ HCI, etcd> has also 
been presented. The charge distribution on the cation is uniform in these instances, 
however, whereas phosphoric add has three hydrogen atoms, all ionizable to different 
degrees. 



Fra. 4.—Variation in distribution co-efficient as a function of TBP concentration in 
cyclohexane. Initial aqueous phase H 3 PO 4 concentration was 13 1 M. 

The extraction of a higher concentration solution of H 3 PC> 4 - 32 P (15 M) as a 
function of TBP concentration in cyclohexane (Table 4) led to the formation of a 
third phase, between the aqueous and cyclohexane phases, when the TBP concentra¬ 
tion was 4-35+ per cent. The TBP to H 3 PO 4 ratio in the third phase over this range 
was 1:2, the same as in 100% TBP after contact with 15 M H 3 PO 4 . Upon raising the 
temperature the third phase disappeared at 40° C. 

Molecular weight determinations were made on anhydrous phosphoric add-TBP 
mixtures of varying mole proportions in the hopes that some clue as to a preferred 

(2 ®> See for example Reference 25; D. F. Peppard, J. P. Faris, P. R. Gray and G. W. Mason, 
J. Phys. Chem. 57, 294 (1953); D. Scarghx, K. Alcock, J. M. Fletcher, E. Hesford 
and H. A. C. McKay, J. Inorg. Nucl. Chem. 4, 304 (1957); H. A. C. McKay and 
T. V. Healy, Progress in Nuclear Energy, Series III, Process Chemistry, (Edited by 
F. R. Bruce, J. M. Fletcher and H. H. Hyman), Vol. 2, pp. 551-552. Pergamon Press, 
New York, London, Paris, Los Angeles (1958). 
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species might be obtained. The mixtures weren’t sufficiently stable in boiling cyclo¬ 
hexane or soluble enough when the H 3 PO 4 to TBP ratio was greater than one; 
however, when mixtures of ratios 1 -5-3 were extracted with cyclohexane at tem¬ 
peratures of 10-55° C the material recovered from the cyclohexane phase had the 
composition of roughly one H 3 PO 4 molecule per TBP. 


Table 4.—Extraction of H3PO4— 32 P from 15 m HjP 0 4 — 32 P at various 
TBP CONCENTRATIONS IN CYCLOHEXANE t = 25° C 


TBP concn. 
(vol. %) 

Third phase 
volume 
(% of total) 

Equilibrium H 3 PO 4 concentrations (M) 

El 

Organic phase 

Third phase 

Aqueous phase 

0 

0 

0 

0 

15 0 

0 

0 5 

0 

0 0068 

0 

14 9 

0 00046 

10 

0 

0 0285 

0 

14 9 

0 00191 

1 5 

0 

0 0514 

0 

14 9 

0 00345 

2-0 

0 

0 0780 

0 

14 9 

0 00523 

2 5 

9 

0 0864 

? 

14 9 

0 00580 

4 0 

2 5* 

0 0935 

— 

14 9 

0 006281 

93 

8 1* 

0 118 

3 32 

14 8 

0 00797) 

200 

21* 

0 155 

3 12 

14 8 

0 0105! 

350 

42* 

0-260 

2-69 

14 5 

0 0179! 

500 

0 

2-84 

0 

14 4 

0 197 

100 

0 

5 12 

0 

13 7 

0 374 


* Third phase miscible with organic phase at 40' C 
t Moles H1PO4/I in lighter org phase — moles H3PO4/I in aq phase 


Ether was then used as the solvent for the molecular weight determinations by 
boiling point elevation. TBP, used as standard, behaved ideally over the range tested 
(0-2—1 *5 g solute per 30 ml ether) while increasing association manifested itself as 
the mole per cent of phosphoric acid increased Molecular weights at the upper 
limit of 1 -5 g of mixture per 30 ml ether increased from the 266 of the TBP to 330, 
360, 420, 480, 510 and 570 for solutions of H 3 PO 4 in TBP of 25, 33-3, 50, 66-7,' 75 
and 100 mole per cent H 3 PO 4 , respectively. Similar behaviour previously was noted 
by Kosolapoff and Powell (27) when determining molecular weights of organo- 
phosphonic acids cryoscopically in naphthalene. They found the molecular weight 
to exceed that of a hexamer and to still be rising at the higher concentrations. Dibasic 
organophosphoric acids polymerized in like manner in naphthalene. (28) Our 
ebullioscopically determined values, which varied directly with the concentration 
over the range studied, all fell within the molecular weight region of 265-300 when 
extrapolated to infinite dilution. It thus appeared that the phosphoric acid behaved 
as a trimer at infinite dilution in ether, and no specific complex between TBP and 
anhydrous phosphoric acid was detected by the ebulhoscopic method of molecular 
weight determination. 

(27> G. M. Kosolapoff and J. S Powell, J. Chem. Soc. 3535 (1950). 

<28) D. F. Peppard, J. R Ferraro and G. W, Mason, /. Inorg. Nucl. Chem. 7, 231 (1958) 
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’ The refractivity of solutions comprised of two substances in varying mole 
proportions in a diluent* 29 * and of mixtures of the pure substances themselves^ has 
been used to demonstrate hydrogen bonding and to indicate the resultant species. 
Ip Table 5 are listed the refractive indices of anhydrous mixtures of H 3 PO 4 and TBP. 
The refractive index increased linearly from 14225 (pure TBP) to 14314 at 66’7% 
H 3 PO 4 , then curved rapidly up to the value of 14508 at 100% H 3 PO 4 . The maximum 
deviation between the observed refractive indices and those calculated from either 
the Gladstone and Dale* 31 * or Lorenz and Lorentz* 31 * refractivities occurred at 66-7 
mole per cent H 3 PO 4 (Table 5). The values obtained from the empirical Gladstone 
and Dale mixture rule are listed because they were closer to the observed refractivities. 
As noted by Holmes,* 32 * the maximum deviation between observed and calculated 
refractive indices corresponded to the greatest change in volume on mixing, in this 
case as shown by the difference in calculated and observed densities (Table 5, column 
4). Calculating the refractivity differences by other methods, however, caused the 
maximum deviation in (n obs -n calc ) to occur at different mole fractions of H 3 PO 4 . 


Table 5. —Density and refractive index of anhydrous H 3 PO 4 -TBP solutions at 25° c 


Mole % 
H3PO4 

Density (g/ml) 


„25 

n D 


Observed 

Calc.* 

Diff 

Observed 

Calc, t 

Diff. 

0 

0 9722 






25 0 

1 031 

1 026 

0 005 

1 4258 

1 4263 


33 3 

1 057 

1050 

0 007 

1 4270 

1 -4277 

-0 0007 

50 0 

1 126 

1 116 

0 010 

1 4287 

1 4307 

-0 0020 

66 7 

1 233 

1 220 

0013 

1 4314 

1 4347 

-0 0033 

75 0 

1 306 

l 299 

0 007 

1 -4337 

1 4350 

-0 0013 

80 0 

1 367 

1 361 

0006 




84 3 

1 424 



I 4371 

1 4361 

0 0010 

90 0 

1 540 

1 539 

0 001 

1 4404 

1 4406 

-0 0002 

91 4 




1 4415 



95 2 

1 680 

1681 

-0 001 

1 4448 

1 4445 

0 0003 

1000 

1 868 



1 4508 




* Calculated assuming no volume change 
t From the Gladstone and Dale mixture rule, < 31 > 


The results of simple viscometric measurements on the anhydrous H3PO4-TBP 
mixtures have been plotted in Fig. 5 . The viscosity increased slowly up to 33 % H3PO4, 
then rapidly increased to the maximum of 630 cpoise at 75 % H3PO4, almost thrice 

(M * F M. Arshid, C. H. Giles, E C McLure, A Ogilvie and T J Rose, J Chem Soc. 
67 (1955). 

uo) n A Puschin and P. G. Matavulj, Z. Phys Chem. A 158, 290 (1932), N A. Pushin, 
P Matavulj, I. I. Rikovski and M Nenadovic, Bull. Soc. Chim Belgrade, 11, No. 3/4, 
72(1940-46), Chem.Abstr. 42, 2167 (1948); N A. Pushin, P. Matavulj and I I Rikovski, 
Bull. Soc. Chim Belgrade, 13, 45 (1948), Chem. Abstr 46, 4298 (1952). 

(,l) J R. Partington, An Advanced Treatise on Physical Chemistry, Physico-Chemical 
Optics, Vol. 6, p. 72. Longmans, Green, London, New York, Toronto (1953). 

(32 * J Holmes, J. Chem. Soc. 103, 2165 (1913); 107, 1471 (1915). 
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the viacoaty of liquid 100% H 3 P0 4 itself. The values obtained can be considered 
only approximate due to the type of apparatus employed and the use of a single 
standard in calculating viscosities of vastly different magnitude. Nonetheless, the 
results for TBP, dibutyl phosphoric acid, and H 3 PO 4 —3-7, 70 and 226 cpoise, 
respectively—are not unreasonably different than the reported results of 3-422,^3) 
71 (at 20° C),< 28) and 200 cpoise (by graphical interpolation).^) 



Fio. 5.—The viscosity of anhydrous TBP-H3PO4 solutions. 


Monobutyl- and dibutyl phosphates, the partial esters of phosphoric acid, were 
tested and compared with the dry TBP-H 3 PO 4 solutions of 66-7 and 33-3 % H 3 PO 4 
respectively, said solutions having the same ratio of butoxy and hydroxy groups per 
phosphoryl group as do the corresponding partial esters. Monobutyl phosphate, 
C 4 H 90 P( 0 )( 0 H) 2 , has a density at 25° C of 1 '226 g/ml and a refractive index of 
1-4309 compared with 1-240 g/ml and nf? 1-4314 for the TBP- 2 H 3 PO 4 solution. 
Dibutyl phosphate, (C 4 H 90 ) 2 P( 0 ) 0 H, at the same temperature has a density of 
1 *061 g/ml and n D of 1 -4268 compared with 1 *057 g/ml and of 1 -4270 for the 
HjP 04 - 2 TBP solution. The viscosity found for dibutyl phosphate, 70 cpoise, was 
about twice that of its corresponding mixture, but monobutyl phosphate’s viscosity, 


<H) D. P. Evans and W. J. Jones, J. Chem. Soc. 985 (1932). 

J. R. Van Wazer, Phosphorus and its Compounds', Chemistry, Vol. 1, p. 485. Interscience, 
New York (1958). 
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500 cpoise, was close to that of the TBP* 2 H^P 04 solution, 538 cpoise. Dibutyl 
phosphoric add’s viscosity can be attributed to the fact that it dimerizes,* 7 - 2 *< 35) 
thus exhibiting more structure than the 2 TBP-H 3 PO 4 solution. Monobutyl phosphoric 
add, on the other hand, is a dibasic add such as has been shown to readily 
polymerize / 27 < 2S> The TBP 2 H 3 PO 4 solution may be polymerized in such a fashion 
that its structure resembles that of monobutyl phosphoric add. ,1 

Associated liquids have greater viscosities because of their hydrogen 1 bonding/ 3 *) 
The most assodation in the system reported here occurred at one TBP per three 
phosphoric acid molecules (Fig. 5). Although the ratio at which a maximum is found 
does not necessarily agree with the ratio of a known complex in the system investigated, 
as shown by Addison and Smith/ 27 ) the degree of deviation of the viscosity curve is 
nevertheless an indication of the amount of association. Ferraro and Peppard< 38 > 
have shown by the method of continuous variation, cryoscopically with benzene 
and by infra-red with cyclohexane, that TBP and mono-(2 ethylhexyl) phosphoric 
acid (H 2 MEHP) form associated complexes having the ratio (TBP) 2 /(H 2 MEHP ) 6 in 
benzene and (TBP) 4 /(H 2 MEHP)i 2 in cyclohexane. While we cannot tell the number 
of units of each substance involved in the undiluted solutions of TBP and H 3 PO 4 , 
the basic ratio of one TBP to three acid units is likewise indicated by the viscosity 
curve. It may be of interest to note that in X-ray diffraction structure studies on 
anhydrous phosphoric acid four formula weights were found per unit cell of crystals/ 39 ) 
The TBP 3 H 3 PO 4 ratio (four units total) giving the maximum viscosity may be a 
fortuitous circumstance. From the density and viscosity results it is evident, though, 
that the major interactions between TBP and anhydrous H 3 PO 4 do occur at 67-75 
mole per cent H 3 PO 4 

<«> B. J. Thamer, J Phys. Chem. 64, 694 (1960) 

t}6) G. C. Pimentel and A. L. McClellan, The Hydrogen Bond, pp. 61-63. Freeman, San 
Francisco and London (1960) 

|37) C C. Addison and B. C. Smith. J. Chem. Soc. 1783 (1960). 

(38) J. R. Ferraro and D. F. Peppard, J. Phys Chem. 65, 539 (1961). 

<3,) J. R. Van Wazer, Phosphorus and Its Compounds ', Chemistry,\ ol. 1, p.486. Interscience, 
New York (1958). 
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COMPARATIVE LIQUID-LIQUID EXTRACTION 
BEHAVIOUR OF EUROPIUM (II) AND EUROPIUM (111)* 

D F. Peppard, E, P. Horwitz and G. W. Mason 
A rgonne National Laboratory, Argonnc, Illinois 

(Received 21 September 1961) 

Abstract—The liquid-liquid extraction behaviour of Eu(II) into solutions of acidic phosphoric 
and phosphonic esters has been investigated both on a macro-scale and tracer-scale. The 
distribution ratio of Eu(ll) was investigated as a function of extractant concentration in the 
organic phase and HC1 concentration in the aqueous phase using /?-active 13, 16 year 

132, 154Eu. 

Advantage was taken of the large separation factors Pm(IU)/Eu(II), Sm(UI)/Eu(U),and 
Gd(III)/Eu(II) in effecting the mutual separation of 147 Pm and > 52 ' l54 Eu, the high purifica¬ 
tion of 147 Pm with respect to '52. is^Eu, an d the enrichment, concentration and recovery 
in high yield of europium from a rare earth oxide containing 0 1 per cent Eu 

lx is generally assumed that separation techniques involving more than a single 
oxidation state are rapid and yield pure products Of those lanthanides which may 
exist in the dipositive oxidation state, europium(II) is the most readily obtained. 
Thus, several procedures for separating europium from other lanthanides are based 
on oxidation-reduction cycles For example, the following procedures have shown 
varying degrees of effectiveness 

(1) reduction of Eu(JII) by a mercury cathode or by amalgamated zinc followed 
by precipitation of EuS0 4 or EuCl 2 -2H 2 0, (2) direct reduction of Eu(III) to 
a metal amalgam by either sodium amalgam or electrolysis at a mercury 
cathode or lithium amalgam cathode, and (3) reduction of Eu(III) with zinc 
powder followed by precipitation of the lanthanides(III) as hydroxides with 
cone NH 4 OH.<i> 

However, all of these procedures suffer from one or more difficulties due to. 

(I) mechanical complications attendant upon multiplication of the separation 
effect, (2) carrying lanthanides(III) on Eu(II) solid or vice versa, and (3) 
incomplete reduction at low concentrations of Eu. 

All but the last of these phenomena may, in principle, be eliminated by effecting 
the separation by liquid-liquid extraction. 

* Based on work performed under the auspices of the U S. Atomic Energy Commission 

(,) a. R C. Vickery, Chemistry of the Lanthanons. Academic Press, New York (1953); 

b. D. M. Yost, H. Russell and C. S. Garner, The Rare Earth Elements and their Com¬ 
pounds. J Wiley, New York (1947), 

c. P C Stevenson and W E. Nervik, The Radiochemistry of the Rare Earths, Scandium, 
Yttrium, and Actinium. Nuclear Science Series NAS-NS3020, National Research 
Council, National Academy of Sciences (1961). 
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The use of acidic phosphoric and phosphonic esters in a earner diluent as 
extractants for lanthanides(III)< 2 - } > and Ca(II). Sr(II), and Ba(II)«> has been studied. 
It was found that the distribution ratio for a lanthanide(III) exceeds that for Ca(II), 
Sr(U), and Ba(II) by a factor of 10M0 7 depending upon which lanthanide(III) and 
alkaline earth ions are involved. Since Eu(II) behaves more like a heavy alkaline 
earth ion than a lanthamde(lll) ion”) particularly with respect to complexing ability, 
one would expect a liquid-liquid extraction technique, using acid phosphoric and 
phosphonic esters, to be applicable to the separation of Eu(II) from lanthanides(III). 

However, in order to achieve a high purification of a given lanthanide with 
respect to europium or m order to apply the separation technique to tracers, one 
must be able to reduce Eu(III) and maintain it as Eu(il) at concentrations as low as 
10" 10 M Consequently, assuming that a system exists in which the organic solvent 
differentiates strongly in favour of lanthanides(IIl) as opposed to Eu(II), the over-all 
problem of separating Eu(II) from lanthanides(III) is reduced, in its essentials, to the 
two problems of reducing Eu(III) to Eu(II) in high yield and preventing Eu(II) from 
oxidizing to Eu(III). 

Thus, an investigation of the stabilization of Eu(Il) at tracer concentration and 
an investigation of the extraction characteristics of both Eu(IlI) and Eu(ll) in several 
liquid-liquid extraction systems were undertaken 

EXPERIMENTAL 

Nomenclature 

Throughout this discussion, HDGP represents a general orthophosphoric acid diester, 
(GO)jPO(OH), and HG[GT] represents a general phosphonic acid ester (GO)G'PO(OH), 
in which G and G' are generalized organic groups, D signifies di and H represents an 
lonizable hydrogen G' is linked to the P by a C-P bond. 

The specific extractants utilized in this investigation, with their symbolic representations 
are: di(2-ethyl hexyl) orthophosphoric acid, [ 2 -(C 2 H 5 )C*H 120 ] 2 P 0 ( 0 H), HDEHP; di-para- 
(1, 1, 3, 3-tetramethyl butyl) phenyl orthophosphoric acid, HDO(/>P, 2-ethyl hexyl hydrogen 
phenyl phosphonate [ 2 -(C 2 Hs)C 6 Hi 20 XC 6 Hs)PO(OH), HEH[$P]; and n-octyl hydrogen 
chloromethyl phosphonate, (C 8 H, 7 0)(aCH2)P0(0H), Hn-0[C1MP], 

Since the HDGP and HG[G'P] esters are dimeric 15-71 and appear to function as mono- 
lonized dimers in the extractions studied, the ionization of the extractants may be generalized 
as (HY ) 2 yielding H+ +HYJ. 

The distribution ratio, K\ of a specific nuclide is defined as the concentration of nuclide 
in the upper divided by the concentration of nuclide in the lower of two mutually equilibrated 
sensibly-immiscible liquid phases, the upper phase in this study being the organic, as opposed 
to the aqueous, phase. The separation factor, /?, is defined for two solutes A and B as 

Source of materials 

Each of the (GO)G'PO(OH) compounds was prepared by hydrolysis of (GOhG'PO 
The neutral esters, bis (2-ethyl hexyl) phenyl phosphonate and bis (2-ethyl hexyl) chloro¬ 
methyl phosphonate, were obtained from Victor Chemical Works Each of the phosphoric 
esters studied was obtained in a mixture of the mono-ester and di-ester containing variable 

(2) D. F. Peppard, G W. Mason, J. L. Maier and W. J Driscoll, J Jnorg. Nucl. Chem 4, 
334 (1957). 

< 5 ' D. F. Peppard, G W. Mason, I. Hucher, J lnorg. Nucl. Chem. 18, 245 (1961). 

u> D. F. Peppard, G W. Mason, S. McCarty and F. D. Johnson, J. Inorg. Nucl Chem 

To be published. 

<sl D. F. Peppard, J. R. Ferraro and G. W. Mason, J. lnorg. Nucl Chem. 12 , 60 (1959). 
<») D. F. Peppard, J. R. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 4, 371 (1957) 

m D. F. Peppard, J. R. Ferraro and G. W. Mason, J lnorg. Nucl. Chem. 7, 231 (1958) 
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quantities of pyro esters, neutral orthoesters, and free alcohol. Both of the phosphoric ester 
mixtures, the 2-ethyl hexyl and the p-octyl phenyl; i.e. para (1, 1, 3, 3-tetramethyl butyl) 
phenyl, were obtained from Victor Chemical Company. 

The fi active nuclides, 2-6 year 147 Pm, and (13, 16 year) l!2 - 134 Eu were obtained from 
the Isotopes Division of the Oak Ridge National Laboratory, a-active 24! Am was obtained 
from A.N.L. stocks. The 147 Pm and 24 'Am tracers were repurified by liquid-liquid extrac¬ 
tion techniques 

Samples of Eu 2 Oj (98 per cent) and of a rare earth oxide containing essentially Sm and 
Gd, together with small amounts of other lanthanons, were obtained from Lindsay Rare 
Earth Chemical Division of American Potash and Chemical Corporation. 

The HC1 and NaCl were purified as described previously.'*' Baker Analysed Reagent 
chromium(III) chloride hexahydrate was used as a source of Cr(lII). (The salt was green 
and thus presumably contained Cr largely in the form of CrCl* ion.) Mallinckrodt 
Analytical Reagent 30 mesh zinc was used to make the zinc amalgam All other reagents 
employed were analytical reagent grade. 

Liquid Carbonic Corporation high purity nitrogen (99 9 per cent N 2 ) was used as a 
source of nitrogen for all experiments 

Preparation and purification of extractants 

The preparation and purification of n-octyl hydrogen chloromethyl phosphonate, 
Hn-0[C1MP], and 2-ethyl hexyl hydrogen phenyl phosphonate, HEHf^P], have been 
described previously < 4 - 51 The purification of bis[para(l, 1,3,3-tetramethyl butyl) phenyl] 
phosphoric acid, i e di(octyl phenyl) phosphoric acid, HDO0P, and bis (2-ethyl hexyl) 
phosphoric acid, i.e. di octyl phosphoric, HDEHP, has also been described previously.<’> 

Preparation of zinc amalgam 

Amalgamation of zinc was accomplished by washing 30 mesh zinc for 1 min in sufficient 
1 M hydrochloric acid to cover it, followed by adding the proper amount of HgCl 2 solution 
to give 0 5 per cent by weight of mercury and stirring for 3 min (l0) The resultant amalgam 
was washed successively with three portions of water and stored under 0 05M HO. In no 
case was the amalgamated zinc stored for more than 8 hrs 


Determination of distribution ratios 

Following separation of the mutually equilibrated liquid phases, the distribution ratio, 
K, was determined radiometncally by evaporating aliquots of each phase on 3 mil platinum 
disks Jin. in diameter, by means of induction-heating, for /?- and a-counting. In instances 
in which 24l Am was used as an internal normalizing nuclide, the beta activity was counted 
through 10 mg of aluminium absorber. (A correction of 13 counts/min per 10 3 counts/mm 
of 24l Am was still required ) 

All equilibrations and centrifugations of phases, transfer of solutions and withdrawal 
of aliquots were performed in the presence of nitrogen. In the acid and solvent dependency 
determinations, the aliquot of aqueous phase was titrated with standard 0 0100 M NaOH, 
using bromthymol blue indicator, in order to obtain the acidity of the aqueous phase at 
equilibrium. 

In each experiment involving an aqueous phase with salt content, a 0 5 ml portion of 
the separated aqueous phase was contacted with a 0 5 ml portion of 0 2 F Hn-0[C1MP] 
in toluene in the presence of air The 0-2 F Hn-0[C1MP] extracts Eu(III) with a K in excess 
of 10 3 from each of the salt phases investigated Consequently, the analysis of an aliquot of 
the 0-2 F Hn-0{C1MP] is equivalent to the analysis of an identical aliquot of the equilibrated 
aqueous phase 

<8) D. F. Peppard, G. W. Mason and S. McCarty, J. Inorg Nucl. Chem. 13, 138 (1960). 
(9) D. F. Peppard, G. W Mason, W J Driscoll and R J Sironen, J. Inorg. Nucl. Chem. 7, 
276 (1958). 

'»«» H. W. Stone and D. N. Hume, Industr. Engng. Chem. 11, 598 (19^/. 
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Separations 

The separation of 154 Eu from 147 Pm and the separation of gross europium from 
gross rare earths were performed with the same apparatus and under essentially the same 
conditions as employed in the determination of the distribution ratios, except that three 
equilibration assemblies were used simultaneously. 

In the separation of >»• 154 Eu and 147 Pm, the /^-activity was counted first without an 
absorber and then through 60 mg of aluminium absorber. The 60 mg aluminium absorber 
lowered the contribution of l47 Pm sufficiently to permit the detection of » 2 . issEu alone, 
after a small correction Once the contribution of >«■ 1!4 Eu to the total activity was 
established, the activity due to l47 Pm was obtained by difference. 

For the assay of gross rare earths, the metal content of the organic phase was returned 
to an aqueous phase by re-extraction into 5 M HCI. The re-extract and the pertinent aqueous 
phase were analysed by the spectroscopic copper-spark technique of Fried et alS «i > In some 
instances, m order to increase the sensitivity of assay, a product was subjected to further 
extractions in order to concentrate the metal content The per cent yield of Eu in the 
experiment involving gross rare earths was determined by performing a separate experiment 
under the same conditions using 152 154 Eu, together with gross rare earths, and using 
radiometric assay. 

Apparatus and procedure 

The apparatus used for measuring distribution ratios and performing separations is 
shown in Fig. 1. Tube A is a modified centrifuge tube and G is a modified syringe 

The general procedure used for measuring distribution ratios and performing separations 
was the following- Amalgamated zinc was placed in Tube A The tube was then flushed 
with N 2 for 5 min by opening stopcocks C and D (The N 2 was first passed through a gas 
washing bottle containing toluene or xylene and 0 05 M HCI in order to reduce evaporation 
of the aqueous and organic phases.) The aqueous solution was transferred to tube A by 
first attaching a pipette to the Tygon tube connexion E, opening stopcock F, and then 
flushing the pipette for one minute The pipette was then inserted into the beaker or flask 
containing the aqueous solution so that the tip of the pipette was almost touching the 
bottom of the container The flow of nitrogen through the pipette was regulated by 
stopcock F After two minutes of bubbling N 2 through the solution, stopcock F was closed 
while holding the tip of the pipette in the solution. The solution was then drawn into the 
pipette by means of syringe G With stopcock C opened and stopcock D closed, plug B was 
removed and the pipette introduced into tube A After expelling the solution, the pipette 
was removed, plug B replaced and stopcock C closed 

The aqueous phase and Zn(Hg) were mixed for 2 mm, by shaking manually, before 
the organic phase or feed was introduced in order to reduce Cr(III) to Cr(II) and in order 
to allow time for Cr(II) to scavenge traces of oxygen 

The organic solution, which served as the feed in separation experiments, was introduced 
into tube A by using the same procedure as described for the aqueous phase After expelling 
the organic solution from the pipette, the pipette was removed, plug B replaced, stopcock 
C closed, and the N 2 tubing, which was connected to stopcock C, removed 

Equilibration of phases was achieved through manual shaking Phase disengagement 
was facilitated by placing the apparatus in a clinical centrifuge and centrifuging at a low 
speed for 30 sec. 

The N 2 tube was connected to stopcock C after centrifuging The organic phase was 
withdrawn from Tube A by attaching a new pipette at connection E and flushing the pipette 
for 1 min with N 2 . Then with stopcock Fopen, stopcock C was opened, and plug B removed. 
After the pipette was inserted into tube A, stopcock F was closed, and the organic phase 
drawn into the pipette. A similar procedure was used to remove the aqueous phase 

RESULTS AND DISCUSSION 

The stabilization of Eu(Il) and determination of its distribution ratio 

The ease in maintaining europium m the di-positive oxidation state was found 
to increase with increasing concentration of Eu(II) in the system. Little difficulty was 
(I1 > M. Fried, N. H. Nachtrieb and F. S Tomkins, J. Opt. Soc Amer 37, 279 (1947). 
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encountered in maintaining europium in the reduced state at concentrations of ten 
millimolar and higher. The removal of atmospheric and dissolved oxygen was 
sufficient to prevent Eu(II) from oxidizing m 0-05 M HC1 for a period of 10-15 min 
and probably longer, a period sufficiently long for completion of a distribution ratio 
determination or separation. However, procedures for working with 10' 2 M Eu(II) 
were found to be completely inadequate for working with 10“ 10 MEu(II). 



B 



Fig 1 —Apparatus for the study of tracer-level Eu(II) 

The stabilization with respect to oxidation of Eu(II) at tracer scale concentrations 
(~ 1 O' 10 M) during a liquid-liquid extraction was achieved by the following technique: 
(1) the solid reducing agent (amalgamated zinc) was placed in the extraction vessel 
and mixed with the aqueous and organic phases during equilibration, (2) high purity 
N 2 (99-95 per cent) was used to exclude air, and (3) the aqueous phase before equili¬ 
bration was made 1-10 millimolar in Cr(III). 
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The sohd zinc amalgam reduced both Cr(UI) and Eu(lll) to their divalent forms. 
The high purity N 2 excluded essentially all but traces of oxygen gas. The purpose of 
Cr(II), which was partially extracted into the organic phase during equilibration, was 
to scavenge as much as possible of dissolved and gaseous oxygen from the system. 
Since excess zinc amalgam was present, any Cr(ll) which was oxidized by traces of 
oxygen (or any other oxidizing agent) was re-reduced to Cr(H). (If Cr(ll) and/or 
Zn(Hg) is excluded from the solvent extraction system, then tracer Eu(ll), added 
externally if Zn(Hg) is excluded, will be partially oxidized.) 

Table 1 shows the distribution ratio of Eu(II), together with the separation 
factors of several tri-positive lanthanides and Am(Ill), for the system 0-40 F 
HEH[#P] in toluene, vs. aqueous 0 05 M HC1 

a-active - ,4l Am was used as an internal standard, and ^-active ,52 > 154 Eu was 
used to measure the K for europium radio-metrically. Two types of extractions 
were performed; a forward extraction in which Eu(IlI) and Am(III) were introduced 
into the aqueous phase prior to reduction, and a reverse extraction in which Eu(III) 
and Am(III) were present in the organic phase prior to reduction. 

Table 1 —Comparative extraction data for M(II1) and Eu(ll) 

Organic: 0 40 F HEH[</>P] in Toluene 

Aqueous. 0 05 M HC1, 0 001 M Cr(ll), 0 5 g Zn (0 5% Hg)/ml Aq. 

Equilibration time 5 mm. 


Cone, of Eu m 
aq. phase 

Type of extn. 

-^Am(iii) 

£ 

^M(Ill)/^Eu«I) 

Tracer 

Forward 

1 xlO* 

2 6x10-’ 

Am, 4 2 x 10 4 

10 

Forward 

1 XlO* 

2 0 x ID -1 

Pm, 9 6xl0 4 

Tracer 

Reverse 

1 x 10 2 

3 0x10-3 

Eu, 7 5 x lO 3 

10~« M 

Reverse 

1 x 10- 

2 0x10-5 

Gd, 1 5 x 10» 




(2 4 x 10-5 av ) 



The large separation factors for Ianthanide(lll)/Eu(ll) indicate the probable 
effectiveness of this system applied to separations 


Extractant and acid dependencies of Eu(Il) 

The Hn-0[C1MP] (in xylene) extractant and the HDO</>P (in xylene) extractant 
were used for the study of the acid and extractant dependencies of the distribution 
ratio of Eu(II), because they give much higher K values than either HEH[</>P] or 
HDEHP. A relatively high distribution ratio of Eu(II) is essential in a dependency 
study, because it minimizes the error introduced by a small amount of Eu(IIJ) in the 
Eu(II). For example, with a/? value of 7-5 x 10 5 for Eu(III)/Eu(II) and a K of 2-4 x 10~ 3 
for Eu(II), only one part of Eu(IIl) in 10 3 parts of Eu(II) causes a 40 per cent error 
in the distribution ratio of Eu(II). However, if the K for Eu(II) is raised to 2-4x 10~ 2 , 
by use of a different extractant, then one part of Eu(III) in 10 3 parts of Eu(II) causes 
only a 4 per cent error in the distribution ratio of Eu(II) 

The extractgnt and acid dependencies were measured using aqueous solutions 
of constant ionic strength and containing 0001 M Cr(II) and 0-5 g Zn(0-5 % Hg)/ml Aq 
Figs. 2 and 3 show that, under the conditions studied, the distribution ratio is directly 
third-power dependent upon the concentration of extractant m the organic phase 
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Fig 2.—Hydrogen ion dependency of the extraction of Eu(II) into xylene solutions of 
HDO0P and Hn-Q[C1MP] from aqueous HCl+NaCl, 1 F Cl - . 



Fra. 3.—Extractant dependency of the extraction of Eu(II) into xylene solutions of HDO^P 
and Hn-0[CIMP] from aqueous HC1 + NaCl, 1 F Cl - . 
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and inversely second-power dependent upon the concentration of H + in the aqueous 
phase. Thus, the mode of extraction is postulated as 

Eui + +3<HY) 2i , Eu(HY 2 ) 2 (HY) 2o +2H; (1) 

The distribution ratio is thus. 

K\ = Ari[(HY) 2 ]g/[H + ]i (2) 

where (HY) 2 represents a dimer of Hn-0[C1MP] or HDO^P and HYj represents a 
singly-ionized dimer of Hn-0[C1MP] or HDO0P. A similar mode of extraction has 
been postulated for Ba(II) (4) 

All of the above compounds have been studied previously as extractants for 
lanthanides(III). <2 ' 3) The K for a given lanthanide(III) was found to be directly 
third-power dependent upon the concentration of extractant, (HY) 2 , in the organic 
phase and inversely third-power dependent upon the concentration of hydrogen ion 
in the aqueous phase. Thus, the mode of extraction was postulated as 

M^ + +3(HY) 2 „ M(H Y 2 ) 3 „ + 3H + (3) 

the distribution ratio being expressed as 

= £.i[(HY) 2 ]o/[H + ]a (4) 

It can be seen from Equations (2) and (4) that the separation factor M(III)/Eu(Il), 
(Ki/Ki), is the following- 

/?M(III)/Eu(ll) = K } /K, = (k>lk y )l[H + ) 

Thus, as the hydrogen ion concentration decreases, the separation factor increases 
However, from a separations standpoint the hydrogen ion concentration must be 
adjusted so that the Ln(III) ion reports largely to the organic phase and the Eu(II) 
reports largely to the aqueous phase 

(SJ Organic 040£ HEH^pJ m toluene 

(A) Aqueous 0 05 M HCI. 00IM CrlH), 05g Zn( 5 % Hg) / m£ Aq 

Feed 2 3 x 10 s c/m of Pm and I BxlO 6 c/m Eu in 2 0ml of O'g 
R Volume ratio, Org /Aq 
Equilibrotion Time 5 minutes 

(Numbers preceding Pm ond Eu are the counts/minute of the 
corresponding trocer ) 


R-l 


J — 


r ■ $ 

1 

;) 

R-l 

/2 3 * 10® Pm \ 
l 2 * IO ft Eu' 






/ i e * io*Eu\ 

U2 0 1 IQ* Pm/ 

R-l 



sJ 



.elllilO 1 Pm 
' 3 0 « I0 Z Eu 


1 S (Discord 


I- fl (IT«IO*Eu\ 

* «I0 3 Pm 


) 


96% yield of Pm 
OF ■ 6 x I0 J 


96% yield of Eu 
OF >2 x I0 3 


Fio. 4 —Flow sheet showing the separation of 152 - l54 Eu and 147 Pm. 
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Separation of 152> 154 Eu and 147 Pm 

Fig. 4 shows the flow sheet employed and the results of the separation of 152 - is*Eu 
and 147 Pm. The volumes employed were 2 ml. of feed and 2 ml. each of organic 
and aqueous phases. Because of the lower energy of the ^-radiation of 147 Pm as 
compared to that of * 52 ’ I54 Eu, it was possible to determine a small amount of 
152, i54£ u activity in a large amount of ,47 Pm activity. However, the reverse of this, 
determination of a small amount of Pm activity in a large amount of Eu activity was 
not feasible Thus, the degree of Eu contamination m Pm may be determined more 
accurately than may the degree of Pm contamination in Eu. Nevertheless, the results 
shown in Fig. 4 give ample evidence of the effectiveness of this separation technique. 

Another separation of l47 Pm and l52 - 154 Eu was carried out with the object of 
obtaining a high degree of purification of i47 Pm with respect to l52 - 154 Eu. Two 
millilitre portions of feed and of aqueous and organic phases were employed. A flow 
sheet and the results of this separation are shown in Fig. 5. In the last stage of the 
separation, the Eu concentration was reduced to such a level that it became impossible 
to detect the Eu activity in the large amount of I47 Pm By omitting the |47 Pm in the 
second stage, a smaller limit of Eu concentration could be detected. 

(S) Organic 040F HEH[^P] in toluene 

(A) Aqueous 0 05 M HCl, 0 01 M Cr(D), 0 5 g Zn ( 5 % Hg ) / ml Aq 
Feed I 4 x I0 6 c/m Pm and 2 l % tO 6 c/m Eu/ml Org 
R Volume rotio, Org /Aq 
Equilibration Time 5 minutes 
(Numbers preceding Eu/Pm are the ratios by octivity) 


R * I 


- S „ 

(<lx 10"' Eu/Pm) 


(I « I0' 4 Eu/Pm) 


“— A I Discord ) 


96% yield of Pm 
D F > 2 mo 4 


Feed (S)-| 
(I 5 Eu/Pm) 


A _J 


R-l 


R« I 


( 8 x I0' z Eu/Pm) 
1 — A (Oiscatd) 


1 —A (Discor 


d) 


*Ir> o comparable experiment in 
the absence of Pm 147 , <iOc/m 
of Eu was detected, therefore 
a 0 F > 3 x 10 s was presumed 


Fig 5.—Flow sheet showing the purification of 147 Pm with respect to 152 ' 154 Eu. 


It is interesting to note from the results shown m Figs. 4 and 5 that europium 
was maintained as Eu(II) during the scrubbings of the organic phase, even though 
the actual concentration of Eu(II) was below 10 -12 M in the organic phase. 


The enrichment of europium from a commercial rare earth oxide 

Fig. 6 gives a flow sheet and the results of a separation which illustrates the 
enrichment, concentration, and recovery in high yield of europium from an admixture 
with other lanthanides. 

The HDEHP extractant was used because of solubility difficulties encountered 
with HEH[<£P] in the preparation of a 0-1 M lanthanide organic feed. A commercial 
rare earth oxide which contained 01 % Eu by weight (a complete analysis is given 
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in Fig. 6) was dissolved in HCl and extracted with sufficient 1 -6 F HDEHP in toluene 
to give a 01 M lanthanide(III) solution in the organic phase. This organic feed was 
scrubbed once with an equal volume of 0-3 M HCl to remove the small amounts of 
La, Ce, and Pr. The resultant organic phase was the feed shown in Fig. 6. 


(C) Organic lOF HDEHP. I0' z M Cr(H) in toluene 

(A) Aqueous 0 05 M HCl, I0-* M CrfD), 0 5 g Zn( 5% HQ)/ml Aq 
Feed 16 F HDEHP, 01 M In(Jl), m toluene 
R volume ratio, Org /Aq 
Equilibrotion Time 15 minutes 


X Composition 

lo Ct Pr Nd 5m Eu Gd Tp Dy Ho Er 



Y 

12 


D F tEu/Sm) » 1 x 10 s 
D F (Eu/Gd) > A » 10 s 

Fig 6 —Flow sheet showing the separation of europium from admixture with other 

lanthanides 


In order to concentrate europium in the aqueous phase, a volume ratio of three 
to one (organic to aqueous) was used The second extraction of the aqueous phase 
involved the use of 10F HDEHP which contained ~ 10 _2 M Cr(II). This was 
necessary, because the first extraction removes the majority of the Cr(ll) present in 
the initial aqueous phase. The 10F HDEHP containing ~ 10~ 2 M Cr(Il) was 
prepared by extracting an equal volume of an aqueous phase 0 04 M in HCl and 
0-015 M in Cr(II) in contact with Zn(Hg) 


Final purification of Eu(III) and Pm(IH) from Zn(II) and Cr(III) 

The promethium and europium products shown in Figs. 4, 5, and 6 are con¬ 
taminated with various amounts of Zn(ll) and Cr(II). These contaminants are 
readily removed by first exposing the aqueous and/or organic phases to the air in 
order to oxidize Eu(II) and Cr(II). The oxidation product of Cr(II), which is probably 
CrClj m the aqueous phase but of uncertain composition in the organic phase, 
behaves irreversibly and is neither extractable from the aqueous phase with 1 0 F 
HDEHP nor extractable from the organic phase with 2-5 M HCl. Thus, contaminant 
Cr(III) is removed when Pm(III) is stripped from the organic phase with 2-5 M HCl 
and when Eu(III) is extracted from the aqueous phase with 1 0 F HDEHP. The 
Pm(III) in 2-5 M HCl is extracted successively with 100% TBP to remove Zn(ll) 
The Eu(III) in 1 -0 F HDEHP is stripped with 2-5 M HCl and successively extracted 
with 100% TBP to remove Zn(II). 

When the final product is gross europium, a further concentration can be 
effected while removing the Cr(III) by the proper adjustment of volume ratios. 
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Possible applications 

From a separations viewpoint, possible important applications of these liquid- 
liquid extraction techniques involving Eu(II) and lanthanides(lll) include: 


( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 


Up-grading of europium from natural material (Fig. 6). 
purification of europium (Fig. 6): , 

separation of europium from mixed fission products, for example purification 
of Eu from Pm (Figs. 4 and 5): 

determination of fission yield for europium: 


23 min 

effecting parent daughter separations such as 155 Sm-—-► ,55 Eu: 

effecting general mutual separations of submicrogram quantities of Eu-Sm, 
Eu-Gd (Fig 6). 

separating Eu(Ill) from Eu(II) in exchange work. 


From a basic viewpoint, the fact that both Eu(II) and Eu(III) show a third- 
power extractant dependency suggests that the co-ordination number of these two 
species is the same. By analogy with the Ca, Sr, and Ba extraction work/ 4 * it seems 
likely that the co-ordination number is six. 
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THE DEVELOPMENT AND APPLICATION OF A PROCESS 
FOR THE RECOVERY OF OVER lOOg OF PROTACT1NUM-231 
FROM A URANIUM REFINERY WASTE MATERIAL 

D. A. Collins, J. J. Hillary, J. S. Nairn and G. M. Phillips 
Research and Development Branch, U.K.A.E.A., Windscale, and 
Calder Works, Sellafield, Seascale, Cumberland 

(Received 28 August 1961; in revised form 29 October 1961) 

Abstract —This paper describes the development of a process for the recovery of protactinium- 
231 and uranium from a residue known as ethereal sludge that was produced during uranium 
refining at the U K..A.E A. Spnngfields Works The process is suitable for operation on 
a large scale and involves the following stages • 

1. Leaching protactinium and uranium from the sludge with cold 4N HNO 3 in the 
presence of fluoride 

2 Recovering uranium by extraction into 20 per cent TBP-OK 

3 Adding aluminium chloride to the aqueous raffinate and separating a precipitate 
that carries protactinium 

4. Treating the precipitate with cold NaOH solution and then dissolving it in con¬ 
centrated hydrochloric acid 

5. Recovering protactinium by extraction into di-isobutylketone 

In laboratory operations the process proved capable of recovering 98-99 per cent of 
the uranium and 65-70 per cent of the protactinium originally present in the ethereal sludge. 

The above process was successfully applied to the recovery of over 100 g of protactinium 
and of nearly 12 tons of uranium with an efficiency of 63 per cent for protactinium and 
99 4 per cent for uranium 


A knowledge of the chemistry of protactinium is of technical importance in connec¬ 
tion with the chemical processing of irradiated thorium and of fundamental importance 
because it is the first actinide element for which a sharp distinction between ordinary 
group properties and actinide properties is possible. Protactinium-231, an a-emitter 
with a half-life of about 3-4x 10 4 years, is the longest-lived isotope of protactinium 
and is the most suitable for chemical studies 

Protactinium-231 occurs naturally as a member of the 4n+3 radioactive senes 
It is found in uranium ores to the extent of about 0-2-0-3 p p m of the amount of 
uranium present. Dunng the refining of the ores, protactinium is separated from the 
uranium and distributes itself among the various waste streams of the refinery process. 
231 p a can also be made artificially by neutron irradiation of 230Th, but 232 Th is nearly 
always present with the 230 Th and leads to the production of 233 Pa, 233 U and fission 
products, which complicate the separation Recovery from natural sources is therefore 
the more favourable approach for the production of gram quantities of 23i Pa. 
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Daring the processing of rich pitchblende ores, significant quantities of pro¬ 
tactinium entered the U.K.A.E.A. uranium refining plant at Springfields, but, more 
recently, low-grade ore concentrates have been processed which have received a 
preliminary highly-selective concentration treatment (in which protactinium almost 
certainly does not follow uranium) before entering the refinery. Thus, only waste 
streams arising during the processing of pitchblende ores were likely to constitute 
useful sources of protactinium. 

The uranium extraction process operated at Springfields for the treatment of 
pitchblende ores was surveyed by Maddock*') who concluded that the best source 
of protactinium yielded by this process was the “ethereal sludge.” This material 
probably originated in the very low acid conditions that existed during the dissolution 
of uranium peroxide in nitric acid which encouraged the separation of silica and 
other readily hydrolysed impurities that could carry the protactinium. Some batches 
of sludge arose during the recovery of uranium from calcium fluoride slags. These 
picked up significant quantities of fluoride, which later became distributed throughout 
the sludge stocks during a re-drumming operation. A typical analysis of the material 
is shown in Table J. The average protactinium content was reported to be about 
3 p.p.m. <2) and, since some 40 tons of sludge (on a dry-weight basis) were available, 
more than 100 g of protactinium-231 were involved The sludge also contained a 
total of about 12 tons of uranium 

A.E.R.E Harwell sponsored a project for the recovery of the protactinium from 
this residue. This paper describes the development of the process for recovering both 
the uranium and protactinium Subsequently, production operations were carried 
out at Springfields and Windscale prior to final purification at A.E.R E. 


Table I.—Composition of typical sample of ethereal sludge 


Analysis of sample dried at 100’ C 

Analysis of sample dried at 100° C 

(water content 25-30%) 

(water content 25-30 %) 

Constituent 

0 / 

/o 

Constituent 

°/ 

/o 

Uranium 

28 3 

Aluminium 

0 27 

Iron 

7 7 

Phosphorus 

0 15 

Silica 

64 

Strontium 

0 09 

Barium ~ 

3 

Niobium 1 

^ < 0-1 

Zirconium 

2 7 

Tantalum j 

Molybdenum 

2 7 

Magnesium 


Fluoride 

1 8 

Nickel 


Ammonium 

1 7 

Chromium 

> <001 

Calcium 

1 5 

Cobalt 

Vanadium 

09 

Manganese 


Titanium 

0 44 

Tin 


Lead 

0-4 

Protactinium 

3 7x10-4 


(11 * J. Golden and A. G Maddock, Protactinium extraction studies. Part l S.E R L 
Technical Report Ml (1954), 

(J >* Minutes of meeting held at St. Giles’Court on 6.11.56. IGC-PASG/M5 
* References marked thus, are not available in the general literature but are included to 
establish the origins of the process described. 
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REVIEW OF METHODS 

An initial selection of possible processes, was based on published information 
summarized in reviews by Elson,* 3 * Hyde,* 4 * Welch* 5 * and Katz and Seaborg.* 4 * 
Maddock at Cambridge had already developed a successful process for protactinium 
recovery from ethereal sludge< 7> and had operated this process on a scale involving 
some hundreds of kilograms of the sludge. Salutsky and others* 8 * had also recently 
reported successful recovery from a somewhat Similar source. McKay and others 
at A.E.R.E. had carried out small-scale separations by anion-exchange methods.* 9 * 
The selected processes that appeared to be the most promising are shown in 
Fig. 1. 

Uranium Recovery Protactinium Recovery 

Dil. HN0 3 U In T.B.P. Al metal HCI 

-* leach -* solution-* extn j | 

Dil HF 4 , “Black I Pa in Solv. 

-► Residue-► leach-► sludge”-► solution-*extn. 

deposit 


NH 3 

-*Na 2 CO 3 -* U in-* U 

leach solution PPT. 

I -* Residue- 


Ethereal 

Sludge 


AlClj 

1 


-♦Cone. HCI/HF— 
leach 

-* Anion 
exchange 

-*Pa in-* Anion 

raff exchange 


/ Fe > 

| ( P» \ 


'adsorbed; 

' 'adsorbed/ 


Cone. 

-+HCI/HF- 

leach 


U & Pa in Anion Pa in AICI3 Anion 

solution-* exchange > raff -* exchange 

( u } ( P» ) 

'adsorbed/ 'adsorbed/ 


4N HNOj U 4 Pa in 

(+F')-♦solution - 

leach 


T B P Pa in Pa recovery 

—*extn-► raff-♦ by solv. extn , 

U \ anion exchange 

.extracted/ or pptn 


Fig. 1 —Outlines of alternative processes for uranium and protacUnium 
recovery from ethereal sludge. 


<3) R E. Elson, The Chemistry of protactinium. Chap. 5 The actinide elements (Edited by 
G T Seaborg and J J Katz), N N E.S. Div. IV, Vol 14A. McGraw-Hill, New York 
(1954) 

<41 E K. Hyde, Proceedings of the International Conference on the Peaceful Uses of Atomic 
Energy , Geneva , 1955, Vol 7, p. 281, P/728 United Nations (1956) 
t3) G. A. Welch. Thesis, University of London (1956) 

<6) J. J. Katz and G. T. Seaborg, The chemistry of the actinide elements. Methuen, London 
(1957). 

(71 A G Goble, J Golden, A G. Maddock and D J. Toms, The extraction of protactinium 
from refinery residues Process Chemistry, Vol. 2 Progress in Nuclear Energy, Series III 
(Edited by F R. Bruce, J. M. Fletcher and H. H. Hyman. Pergamon Press, Oxford 
(1960). 

(,) M L, Salutsky, el al, J. Inorg. Nucl. Chem. 3, 289 (1956) 

H. A. C McKay, AERE C/M 286 (1956); Also H. A. C. McKay, N. Jackson and 
A. C. Fox Private communications (1956/57). 

* References marked thus, are not available m the general literature but are included to 
establish the origins of the process described. 
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The methods were divided into two classes - 

(1) Differential leaching techniques, in which uranium was leached out of the 
sludge completely, leaving all the protactinium in the residue 

(2) Total leaching techniques, in which both uranium and protactinium were 
leached from the sludge, with subsequent separation of the two elements in solution. 

EXPERIMENTAL 

The fate of protactinium in the experiments was determined by making analyses for 
2J <Pa A rather lengthy chemical separation procedure was used for 211 Pa analysis. For 
more rapid assessment of experimental results, simple a-counting was frequently used with 
adequate accuracy and results were later confirmed by the chemical method Analytical 
results on the ethereal sludge and other solids are expressed as percentages by weight on 
a dry-weight basis 

The determination of protactimum-Ti 1 

The sample is digested with hydrofluoric acid, and insoluble material filtered off An 
aliquot of the filtrate, after addition of protactinium-233, which acts as an isotopic tracer, 
and aluminium chloride, to complex fluoride, is added to a boiling solution of sodium 
hydroxide The precipitated hydroxides are washed and dissolved in a mixture of nitric 
and hydrofluoric acids, and zirconium and barium carrier solutions are added The 
precipitate of barium fluozirconate and the corresponding protactinium compound is washed 
and dissolved in 8 M hydrochloric acid with the addition of aluminium chloride The 
solution is extracted with di-isobutylketone (or di-isopropylketone) and the protactinium 
back-extracted with 8 M hydrochloric acid containing some fluonde Aliquots are mounted 
on platinum discs and counted for a- and ^-activity 

For more rapid analysis in the full scale production operations a method based on 
a-pulse analysis 110 111 was used In this method, the a disintegration rate of the sample is 
measured in a Simpson a-proportional counter fitted with a 1049 A head and main amplifier 
and scaler and followed by a-pulse analysis using a six position gridded ion chamber together 
with a Wilkinson analyser 1414 A, with head and main amplifier type 1430. 

Actual samples of the ethereal sludge, or solutions derived therefrom, were used in all 
of the experiments reported 

The experimental work was carried out in well-draughted fume hoods, with precautions 
appropriate to a relatively low level of a-activity Most of the solutions were handled in 
polythene vessels in deference to the reported tendency of protactinium to deposit on glass 
and steel, 111 but some use was also made of both glass and stainless steel apparatus, where 
suitable, without loss of efficiency Tests showed that the concentration of protactinium in 
the leach and leach raffinate solutions remained stable during prolonged contact with 
stainless steel The likelihood of loss of protactinium by deposition on plant vessels was 
therefore considered to be small 

RESULTS AND DISCUSSION 

At an early stage, trials were made of two processes that employed the preferential 
leaching of uranium from the ethereal sludge as an initial step The first of these 
was based on results obtained by Jackson of A.E R E. 19) and used a solution of hot 
3 5 M sodium carbonate to extract the uranium. After washing with water, the 
residue containing protactinium was dissolved in 8 N HC1-0-5 N HF, and the 
solution was loaded on to a column of De-Acidite FF anion-exchange resin to 
absorb iron and any residual uranium The raffinate from this column was then 
treated with aluminium chloride to complex the fluonde. followed by sorption of the 
protactinium on a second column of De-Acidite FF resin, whence it was eluted with 
8 N HCl-01 N HF 

(10) N. Jackson, F. J G Rooers and J F. Short, AERE/R-3377 (1960). 

1111 K. M. Glover (Mrs) and F J. G Rogers, AERE/R-2971 (1959). 
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Four tests of this procedure were carried out on two different samples of ethereal 
sludge. The results were not encouraging. None of the four yielded complete 
recovery of either uranium or protactinium in the desired fractions. Losses of 
protactinium occurred at various stages; by extraction into the sodium carbonate 
solution, by sorption on the first anion-exchange column, and by failure to absorb 
on the second anion-exchange column. Because of these results the ipethod was not 
pursued. It would also have entailed large-scale bperations with HC1-HF solutions 
(about 10 m 1 2 3 4 5 being required per ton of ethereal sludge) and the practical sorption 
capacity of protactinium on De-Acidite FF resin from these solutions proved to be 
unacceptably low (< 5fig Pa/g resin) for the recovery of protactinium in gram 
amounts 

The second method was that used by Maddock <12) in which 1 N HNO 3 was 
used to extract the uranium from the sludge, leaving the protactinium in the residue. 
Attempts to reproduce this separation met with failure to extract all the uranium 
and to leave all the protactinium unextracted. 

This failure to leach uranium preferentially was presumed to be due to the 
presence in the sludge of fluoride, which was responsible for taking part of the 
protactinium into solution It was decided, therefore, to seek conditions in which 
both uranium and protactinium would be dissolved and, subsequently, to separate 
the two elements in solution. A nitric acid system was preferred, so as to simplify 
the recovery of uranium Tnbutyl phosphate (TBP) could then be used to extract 
the uranium, and it was anticipated that the presence of fluoride would prevent the 
protactinium from being extracted 

The use of moderately concentrated nitric acid to leach the sludge was investigated 
(see Table 2). Cold 4 N HNO 3 resulted m the dissolution of about 90 per cent of 
both uranium and protactinium in 4 hr. Only fractionally better results were obtained 
with cold 8 N HNO 3 Further tests showed that the application of a second 4 N HNO 3 
leach to the residue from the first provided recovery of essentially all the uranium 
and over 95 per cent of the protactinium. This method of leaching was therefore 
developed with the following results: 

(1) A single 8 hr leach together with a brief wash gave an efficiency comparable 
to that obtained by two 4 hr leach stages. 

(2) The acid, sludge ratio could be reduced to 2 I acid; 1 kg (undried) sludge 
thus minimizing the total volume of liquor to be processed. 

(3) The efficiency of protactinium recovery was not impaired by working with 
stainless steel vessels 

(4) There was no significant difference in the behaviour of the different samples 
of sludge 

(5) The addition of aluminium nitrate to the leaching solution reduced the 
protactinium recovery efficiency by half, thus illustrating that the presence of fluoride 
was essential for efficient protactinium recovery. 

tl2) * J. Golden and A. G. Maddock, Protactinium extraction studies. Part II S.E.R.L- 
Technical Report M2 (1954) 

* References marked thus, are not available m the general literature but are included to 
estahsh the origins of the process described. 
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( 6 ) The sludge could be leached with 4 N HNO 3 +01 M F' (to cope with possible 
fluoride-deficient batches of sludge) without adversely affecting efficiency in respect 
of those batches that already contained fluoride. 


Table 2.—Leaching of ethereal sludge with cold nitric acid in polythene vessels: 
EFFECT OF NITRIC ACID CONCENTRATION AND STIRRING TIME 


Leaching 

solution 



Distribution of Pa and U 


■ Wt. of 
undned 
sludge 

(g) 


In leach solution 

(%) 



HNOj 

Cone. Vol 
(N) (ml) 

Stirring 

time 

(hr) 

In residue (%) 

Wt. of 
residue 
(g) 

Pa U 

Pa U 





2 

_ 

40 




1 

400 

100 

4 

— 

52 







48 

1-5 

60 

98 5 

40 

47-4 




2 

80 

77 




4 

400 

100 

4 

85 

89 







24, 

90 

94 







48 

93 

96 4 

7 

3 6 

12 3 




2 

95 

90 




8 

400 

100 

4 

95 

90 







24 

95 

95 







48 

97 

97 1 

3 

2 9 

12 4 


Uranium was quantitatively recovered from this solution by conventional solvent 
extraction into 20 per cent TBP in odourless kerosene (OK) from which it could 
be subsequently back extracted by cold N/100 HNO, and precipitated as pure 
ammonium diuranate. The amount of protactinium extracted with the uranium was 
negligible. 

Attempts were made to extract protactinium directly from the residual aqueous 
solution (the “leach raffinate”) by means of ion-exchange resins and organic solvents 
But, although nitric acid concentration was varied over a wide range and aluminium 
nitrate was added to complex the fluoride present in solution, the results (Table 3) 
showed little promise and shed no light on the nature of the protactinium species 
existing in this solution. 

A large number of precipitates was formed experimentally in the leach raffinate 
solution (Table 3), but only the hydroxide provided reproducibly complete carrying 
of the protactinium. The carrying efficiency was > 99 per cent, but the greater part 
of the impurities in the solution also precipitated which resulted in a precipitate of 
about the same wet bulk as the original ethereal sludge (dry weight was about one 
fifth of that of ethereal sludge) and thus provided little concentration or purification 
of the protactinium. 

It was found possible to dissolve the hydroxide precipitate in either HC1, H 2 S0 4 
or HNO 3 . 1° most cases an insoluble residue was left, but this did not normally 
carry much protactinium. Experiments were carried out on small samples of each 
of these solutions to see whether protactinium could be extracted simply by ion- 
exchange or solvent-extraction techniques. In almost every case, negligible amounts 
of protactinium were recovered (Table 4). 
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Aluminium chloride added to the solution of the hydroxide precipitate in dilute 
HC1 produced a white precipitate which carried a high proportion of the protactinium. 
Initial results showed that about 95 per cent of the protactinium could be carried 
by making the solution 0-5 M in aluminium chloride. In larger-scale experiments, 
the average efficiency dropped to 77 per cent but the bulk of the precipitate (ap¬ 
proximately one eighth of that of the original sludge, when wet) was considerably 
smaller than that of the hydroxide precipitate and provided a possible route for the 
concentration of the protactinium. 


Table 3.—Attempted recovery of protactinium from nitric acid solution of 
ETHEREAL SLUDGE AFTER EXTRACTION OF URANIUM 




Conditions 


Pa removed from 
solution 

{%) 

Pa separation technique 

HNOj 

(M) 

AI(NO,) 3 

(M) 

Temp. 

(°C) 

Solvent extraction 

20% TBP-OK 

4 

0'5 

20 

0 

0 5 M TTA benzene 

4 

0 5 

20 

3 

0 5 M TTA-benzene 

8 

05 

20 

7 

Ion exchange 

Cation resin (Zeo-Karb 225) 

0 1 

— 

20 

0-20 

Anion resin (De-Acidite FF) 

4 

05 

20 

0-30 


8 

0 5 

20 

0-50 

»» >» »» »» 

12 

0 5 

20 

0-40 

Precipitation 

Manganese dioxide 

3 

— 

90 

12 

»♦ »» 

3 

0-5 

90 

78 

M M 

8 

— 

90 

0 

*♦ »» 

8 

0 5 

90 

70 

Calcium fluoride 

4 

— 

20 

5-50 

Barium fluoride 

4 

05 

90 

73 

Hydroxide 

— 

— 

20 

> 99 

Bismuth phosphate 

4 

0 5 

90 

66 

Sodium silicate 

1 

— 

20 

5 

»» >> 

1 

05 

20 

24 

♦ > »» 

1 

— 

90 

7 


l 

0-5 

90 

65 

Silica (pre-formed) 

4 

0 5 

20 

0 

»» »» ♦» 

4 

05 

90 

30 

Titania (pre-formed) 

4 

0 5 

20 

4 


4 

05 

90 

26 

Aluminium nitrate 

4 

05 

90 

21-43 (after 15 min) 


4 

10 

90 

22 „ „ „ 

♦ ♦ »» 

4 

0-5 

20 

62 (after 24 hr) 

»i »» 

4 

05 

20 

72 (after 70 hr) 

»» »» 

4 

1 0 

20 

68 (after 70 hr) 


The precipitate could not be dissolved directly in either concentrated HC1 or 
concentrated HNOj, but if it was first digested with caustic soda (which would 
remove alumina and silica) it could be readily dissolved in either acid to yield a stable 
solution containing all the protactinium. 
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Table 4 .— Attempted recovery of Pa from dissolved “hydroxide precipitate” by 

ANION-EXCHANOE AND SOLVENT EXTRACTION 


Extraction technique 

Solution conditions 

Pa 

extracted 

(%) 


f 8 NHC 1 

0 


8NHC1+0 5M AlCb 

0 


8 N HC1-0 5 N HF +0-5 M AlCh 

0 


8 N HNOs 

0 

Anion exchange using -< 

12 N HNOj 

0 

De-Acidite FF resin 

8 N HNOj + 0'5 M Al(NOj)j 

95 


»» 

30 


8 N HNO 3 +O I M HBOj 

10 


8 N H 2 SO 4 

0 


12 N H 2 S0 4 

0 

Solvent extraction with J 

8 N HC1 

90 

100% TBP j 

8NHC1 

23 

Solvent extraction with J 

* 6 N HNOj 

0 

0 5 M TTA/benzene \ 

6 NHNOj + 0-5M A1(N0 3 ), 

0 


The above steps, namely: 


Digest 

NaOH 

Filter 



provided a route to a stable solution of protactinium m concentrated HC1 or con¬ 
centrated HNOj, from which further concentration of protactinium should be 
feasible, but there were certain disadvantages for large-scale application • 

(a) Three major filtration steps were involved, the precipitates being slow to 
filter and the hydroxide being an exceptionally bulky precipitate. 

(b) The use of HC1 was required at an early stage in the process, at which the 
scale of operations had been reduced only by a factor of two. 

A much simpler route became possible when it was shown that the addition of 
aluminium chloride directly to the leach raffinate gave rise to a precipitate in the 
cold that earned down most of the protactinium (Table 5). This step served to 
concentrate the protactinium by a factor of about tn. Corrosion tests showed that 
the use of a 0 - 5 M concentration of aluminium chloride could safely be accepted in 
stainless steel plant. 
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The precipitate consisted essentially of hydrated zirconia and zirconium phosphate 
with silica, alumina and some titania. Its formation was thought to result from 
hydrolysis and the precipitation of insoluble phosphates following the release of 
protactinium and zirconium from fluoride complexes by the competitive action of 
the aluminium. 

Table 5.—Recovery of protactinium from “leach raffinate” by carrying on 
a precipitate produced by addition of aluminium chloride 


Aluminium chloride 
cone, in leach 
raffinate 

(M) 

Time allowed for 
precipitation 
(hr) 

Pa carried on 
precipitate 
<%) 

0-5 

i 

No ppt. 


i 

43 


1 

74 


2 

85 


6 

95 


20 

95 

10 

Solution corrosive to 

2 

97 

stainless steel 

0 5 

2 

80-95 

(Result of approx 

50 experiments) 


The precipitate could not be re-dissolved directly in hydrochloric or nitric acid 
but, after treatment with caustic soda, it could be dissolved in either of these acids 
to yield a stable solution of protactinium (Table 6 ). Besides removing silica and 
alumina, the caustic soda appeared to promote the metathesis of the insoluble 
phosphates, converting them to soluble sodium phosphate, which could then be 
removed by washing. (Analysis of a precipitate before and after caustic soda treat¬ 
ment showed a very significant reduction in the proportion of phosphate it contained.) 

This treatment proved to be the key step in the process. Provided phosphate 
had been thoroughly removed, the precipitate could be readily dissolved in con¬ 
centrated hydrochloric or nitric acid. If leaching was inadequate, a precipitate 
consisting essentially of zirconium phosphate rapidly re-formed on addition of acid 
and much of the protactinium failed to go into solution (Table 6 ). This behaviour 
accounted for the poor recovery of protactinium in many early experiments, where 
the importance of thorough leaching of the phosphate was not properly appreciated. 
It was shown, however, that, when the protactinium failed to go into solution and 
was deposited on a final solid residue, it could be recovered by recycling this residue 
through the caustic soda leaching and washing stages. 

In a number of cases, low protactinium recovery appeared to be associated with 
ageing of the precipitates, but these results may have been due to inadequate treatment 
with caustic soda, since, in later experiments, precipitates aged for 3 days were 
sometimes successfully dissolved. It was, however, considered inadvisable to allow 
the precipitates to age for more than 24 hr. 



Table 6.—Development of suitable conditions for the recovery of protactinium from the “AlClj precipitate 


450 


D. A. Collins, J. J. Hillary, J . S. Nairn and G. M. Phillips 


















The recovery’ of over 100 g of protactinium-231 451 

A satisfactory procedure for the re-dissolution of the precipitate (see Table 6) 
consisted of two successive treatments with an excess of caustic soda solution, with 
intermediate and final washing with water. At each stage, really intimate mixing of 
the liquid with the precipitate was found to be essential. 

The solution of the treated precipitate contained protactinium in i nth the volume 
of the original leach solution. The chief remaining impurities were iron and zirconium, 
both present at more than 1000 times the concentration of the protactinium. Further 
purification and concentration were therefore required. 

Attempts were first made to concentrate the protactinium in nitric acid medium 
so as to delay the employment of hydrochloric acid, with its attendant corrosion 
problems, until the volumes had been reduced to the laboratory scale. 

Sixty to 80 per cent of the protactinium could be extracted into 20 per cent 
TBP-OK from 5 to 8 N HNOj, but zirconium is also strongly extracted under these 
conditions and therefore no separation of protactinium and zirconium could be 
expected (Fig. 2). In some cases the experiments were complicated by the occurrence 
of a solid zirconium-organic complex, which made phase separation more difficult 
and tended to carry protactinium. 



Fio. 2.—Comparative extraction of protactinium and zirconium by TBP from 

nitric acid solution. 
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Sorption of the protactinium on an anion-exchange resin could be achieved by 
increasing the acidity to 12 N HN0 3 . The resin capacity of ~ 5 /ig Pa/g resin was, 
however, much too low to afford any hope of concentrating the protactinium by 
this technique. 

Manganese dioxide has frequently been used as a carrier precipitate for 
protactinium in nitric acid solutions,* 15 * although Maddock* 7, 121 has commented 
upon the unreliability of this technique as a general separation procedure It was 
found necessary with this solution to use a Mn/Pa ratio of about 1000 to achieve 
85 per cent carrying efficiency 

Mn/Pa ratio 50 150 500 1000 

% Pa carried 52 67 79 86 

There was little separation from zirconium (DF 2-5) and the precipitate proved 
difficult to filter and redissolve. A concentration factor of only about five resulted. 

These attempts were therefore abandoned and further work was restricted to the 
hydrochloric acid system 

Solvent extraction with di-isobutylketone was ultimately chosen for this stage, 
but the application of anion-exchange procedures was first examined. 

Anion-exchange 

Sorption of both protactinium and iron (ferric) on anion resins takes place from 
strong hydrochloric acid, but the presence of HF in the hydrochloric acid prevents 
the sorption of protactinium without affecting that of iron < l6) The two are thus 
readily separated. The separation from zirconium depends upon a difference in the 
distribution coefficient for these two elements, which allows a separation at 6-8 N 
HC1 ,* 171 Between these acidities protactinium is strongly absorbed whereas zirconium 
is substantially unabsorbed. Two possible procedures for the required separation 
are then: 

Procedure 1 

(1) Sorption of iron and protactinium on resin from 6 to 8 N HC1. No sorption 
of zirconium. 

(2) Elution of protactinium with 8 N HC1 containing HF Iron not eluted.' 
Procedure 2 

(1) Sorption of iron on resin from 8 N HC1 containing HF. No sorption of 
protactinium and zirconium. 

(2) Complexing of the fluoride by addition of AICI 3 . Sorption of protactinium 
on resin from 6 to 8 N HC1 No sorption of zirconium 

(3) Elution of protactinium from resin with 8 N HC1 containing H F 

<131 C J. Hardy, D. Scargill and J. M Fletcher, J. Inorg. Nucl Chem 7, 257 (1958) 

(,4) K. Alcock, F. C. Bedford, W H Hardwick and H. A C McKay, J. Inorg Nucl. 
Chem. 4, 100.(1957). 

,15) L. I. Katzin and R. W. Stoughton, J. Inorg. Nucl. Chem 3, 229 (1956). 

(l6) K. A. Kraus and G. E Moore, J. Amer Chem. Soc. 77, 1383 (1953). 

(171 A. G. Maddock and W. Pugh, J. Inorg. Nucl. Chem. 2, 114 (1956). 
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Neither procedure proved satisfactory for use with the solution in question. 
A high proportion of the zirconium was absorbed together with the protactinium 
under the circumstances of procedure (1) (Fig. 3), and the capacity of the resin 
(De-Acidite FF) for protactinium proved to be rather low, about 50/xg Pa/g resin 
at a loading rate of 1 ml min -1 cm -2 . The persistence of hydrolysed species of 
protactinium and zirconium (following the caustic soda treatment) may have been 
responsible for this behaviour. In procedure (2) 'the separation of protactinium, iron 
and zirconium was satisfactory (Fig. 3), but the resin capacity for protactinium on 
the second column was still very low. In both procedures about five column volumes 
were required for elution of the protactinium, which, coupled with the low capacity 



Fio. 3.—Separation of Pa from Zr and Fe by anion exchange. 
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of the columns, severely limited the degree of concentration obtainable. Appreciably 
higher resin capacities (up to 0-4 mg Pa/g resin) were obtainable when the protactinium 
eluate was recycled through a second anion column (after re-complexing the fluoride), 
but about five column volumes were still required for elution. 

Solvent extraction 

A large number of solvents have been found to extract protactinium from 
hydrochloric acid solutions, but certain alkyl ketones and alcohols appear to be 
reasonably specific. The extraction of protactinium by these solvents is illustrated 
in Fig. 4. Di-isopropylketone (D.I.P.K.) has generally been preferred in work 
reported in the literature* 181 but, more recently, increasing use has been made of 
di-isobutylketone (DIBK) (19) because of the unavailability of DIPK. No quantitative 
data appear to have been published on the extraction of iron and zirconium from 
hydrochloric acid by DIBK, but it was assumed (cf. DIPK)< 18> that iron would be 
extracted and would remain in the solvent when protactinium was backwashed with 
HC1-HF and that zirconium would be extracted to a considerably smaller extent 
than protactinium 



Fig. 4.—Extraction of Pa, Fe and Zr from hydrochloric acid solution by some alkyl ketones 

and alcohols. 

Dalton and Sinclair * 21 1 have shown that zirconium-95 is extracted increasingly 
strongly from hydrochloric acid as the acidity is increased above 6 N, and rather 
more strongly by DIBK than by DIPK. At and below 6 N HC1 both solvents 
extract only negligible amounts of zirconium-95. 

For efficient extraction of protactinium it is essential that hydrolysed forms, or 
traces of fluoride, which would complex the protactinium should be absent. 

< 18i J. Golden and A. G. Maddock, /. Inorg. Nucl. Chem. 2, 46 (1956). 

< 19! A. G. Goble, J. Golden and A. G. Maddock, Canad. J. Chem. 34, 284 (1956) 

,10 > A, G. Maddock To be published. 

* 2I) * J. C. Dalton and J. M Sinclair. Report IGO-TM/W1050 (1958). 

* References marked thus, are not available in the general literature but are included to 
establish the origins of the process described. 
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Preliminary experiments carried out by shaking together equal volumes of 
DIBK and a protactinium concentrate in 7-8 N HC1 showed that between 95 and 
99 per cent of the protactinium could be extracted and quantitatively recovered by 
backwash with 0-1—1 N HF solution. When attempts were made to concentrate the 
protactinium by shaking with a smaller volume of solvent, equilibration was found 
to result in emulsification, with a tendency for solid material to appear at the solvent/ 
aqueous interface. This threatened to condemn the technique, since protactinium 
tended to concentrate in the solid phase (which was rich in zirconium) and phase 
separation was almost impossible. The solution to this difficulty (which had also 
been experienced by Maddock)<22> was to keep the phase-mixing conditions as mild 
as possible. A decrease in extraction efficiency resulted, but this could be made up 
by repetition of the extraction stage. A simple column contactor was used in which 
the solvent formed a stationary phase and the aqueous phase was allowed to drop 
through. Phase-mixing was provided either by packing the column with glass helices 
or by using an unpacked column and dispersing the aqueous phase into droplets by 
a distributor at the top of the column. The solvent phase was finally run out of the 
column and backwashed by normal shaking or stirring. 

This technique was first tried out with the product from a previous ion-exchange 
experiment used as starting material. This solution, in 8 N HCl-0-1 N HF, was 
made 0-5 M in A1C1 3 and cycled three tunes through the column (~ 60 cm in 
length and packed with glass helices) The protactinium was then backwashed from 
the solvent phase with 1 N HF, an overall volume reduction of ten being achieved. 
The results were 


Protactinium in raffinate (%) 

Protactinium 
in backwash 

(%) 

1 st cycle 

2 nd cycle 

3rd cycle 

41 

13 

5 

95 


When an attempt was made to extract the protactinium directly from the caustic- 
soda-leached precipitate dissolved in 7 N HC1, zero extraction was observed after 
the first cycle. It was assumed that hydrolysed species of protactinium (persisting 
from the caustic soda treatment) were interferring with the extraction, and the 
solution was therefore made 0-1 N in HF and allowed to stand for 1 hr before 
A1C1 3 was added and the conditioned solution circulated through the solvent a 
second time Fifty-five per cent of the protactinium was extracted in the second 
cycle and it was concluded that solution of the caustic-soda-leached precipitate would 
have to be made in HC1/HF, rather than in HC1 alone, and the HF complexed with 
AICI 3 immediately before solvent extraction, in order to ensure a satisfactory form 
of protactinium for extraction 

Further experiments were made to develop the technique for large-scale applica¬ 
tion and to establish the performance that could be expected under operational 
conditions. After the extraction cycles (in a glass column), the solvent phase was 
washed with 8 N HC1 to remove traces of AICI 3 and to assist in zirconium removal. 

lu) A. G. Maddock. Verbal information (1957). 
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The protactinium was then backwashed with two successive fractions of 8 N HC1- 
0-1 N HF in a polythene vessel. Ninety to 95 per cent of the protactinium appeared 
in the first fraction and, to maintain a high concentration factor, the second fraction 
was used as the first backwash for the succeeding run. The solvent was finally washed 
with water to remove iron. Results are reported in Tables 7 and 8 from which the 
following main conclusions may be drawn' 

(1) No significant advantage was to be gained by using a packed column. 

(2) Increasing the height of the solvent column resulted in increased extraction 
efficiency, but not in direct proportion to the height increase. Greater extraction 
was obtained from four cycles through a 68 cm column than from two cycles through 
a 138-cm column. This suggested that a time-dependent equilibrium between 
mextractable and extractable protactinium species might be involved. 

(3) It was desirable to keep the A1: F mole ratio above five for efficient extraction 
of protactinium. An HF concentration of 0 05 N in the hydrochloric acid solution 
of the caustic-soda-leached precipitate appeared to be adequate for the destruction 
of hydrolysed protactinium species. 

(4) A concentration factor of fifty was readily obtainable. 

(5) The efficiency of protactinium back-extraction with 8 N HC101 N HF was 
generally less than 100 per cent. (There was a possibility of discrepancies in 
protactinium determinations at low levels in the raffinate and at high levels in the 
backwash, and these might give rise to misleading backwash efficiencies.) 

(6) In practice, an overall protactinium recovery of 80-90 per cent would be 
expected for this purification cycle 

Table 8 — Extraction of protactinium bv DIBK: effect of 
COLUMN HEIGHT AND NUMBER OF CYCLES 


Ht of solvent 
column 
(cm) 


Pa extracted after (%) 


1st cycle 

2nd cycle 

3rd cycle 

4th cycle 

68 

138 

56-4 

73 6 

88'6 

92 8 

95 7 

97 8 


In the laboratory trials of this stage the volume of final product was very small 
and the protactinium was required for further experiments, so that, in general, only 
diluted samples of the final product were available for chemical analysis. In almost 
every case the iron and zirconium content of the diluted samples was below the 
limit of detection. It was therefore impossible to quote decontamination factors 
for these elements. A later experiment provided sufficient product for accurate 
determination of the iron and zirconium content and gave decontamination factors 
of ~7x 10 3 for zirconium and ~6x 10 2 for iron. Further purification can be 
accomplished by a second cycle of DIBK extraction and backwash, which yields a 
product of ~ 95 per cent chemical purity. 
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A final laboratory test of the process was carried out on a scale of ~J0 mg 
protactinium, starting from ethereal sludge and performing each stage in conditions 
approximating as closely as possible to those of the full-scale plant. The main 
features of this test are recorded in Table 9. An overall protactinium recovery of 
67-9 per cent was obtained. 


Table 9.— Results of process trial on a scale of ~ 10 mg protactinium 


Process stage 

Weight or volume 

Pa content 
(mg) 

Ethereal sludge 

7-5 kg 

162 

Leach raffinate 

15 91 

14 3 

Solution of “AlCh 

1 151 

12 26 

precipitate" 

(increased to 2 5 1 before 


DIBK stage. 

1st cycle product 

DIBK stage so as to 
provide reasonable volume 
of feed solution) 

50 ml 

11 0 


FULL-SCALE OPERATIONS 

The protactinium recovery process which had been developed in the laboratory 
was not an easy one to apply on the large scale, involving, as it did, several filtration 
steps and also operations with concentrated hydrochloric acid. The process had, 
however, been developed so as to be thoroughly chemically reproducible on the 
large scale, and this has not always been the result when attempts have been made 
to recover protactinium by apparently more elegant techniques.' 4 * 

The stages up to and including dissolution of the carrier precipitate in HC1/HF 
were earned out at the Springfields factory of the U.K.A.E A m a combination of 
stainless steel and rubber or plastic-lined plant. The purification and concentration 
by solvent extraction was carried out in specially constructed polythene plant at 
Windscale. The product of this process was transported to A E.R.E. Harwell where 
it was further concentrated and converted to a state of high chemical purity by anion 

exchange.'23) 

In practice, the chemical efficiency of the process anticipated from laboratory- 
scale experience was very closely achieved, From a total of 59 5 tons of sludge 
containing an estimated 172 g protactinium and 11-65 tons uranium, 108-2 g pro¬ 
tactinium and 11 -5 tons uranium were recovered in pure form, which represents an 
overall efficiency of 63-0 per cent for protactinium and 99-4 per cent for uranium 
(The protactinium figures are based on the chemical method of analysis. The a-pulse 
method gives higher figures at all stages and credits the process with the overall 
recovery of 126 g protactinium). 

The principal results of the full-scale operations are summarized in Table 10. 
The product of the process described in this paper consisted of 52-4 I. of 8 N HCI/ 

(23) N, Jackson, F. J G. Rogers and J Short. AERE/R-3311 (1960) 
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0-5 N HF containing 108-2 g protactinium, 3-25 g zirconium and 1-42 g iron. The 
anion exchange step at A.E.R.E. reduced the iinpurities to the following; 

A1 Pb Fe Mg Cu Na B Ca Mn 

1500 250 50 20 100 300 400 400 10 p.p.m. with respect to Pa giving 

a final chemical purity of > 99-7 per cent and an a-purity of 99-5±0-5 per cent. 


Table 10.—Principle results of full-scale application of the 
PROTACTINIUM RECOVERY PROCESS 


Pa content 


a-pulse Fe content Zr content 
Process stage Wt. or vol. (g) fig. (g) (g) 


Ethereal sludge 

59,542 kg 

172 0 

(204 74) 

Js 1-19x10* 

> 1 -49 x 105 

Solution of 
carrier preci- 

15,3861 

137 2 

(143 65) 

8-55x10* 

1-16x10* 

pitate in 

HC1/HF 

DIBK stage: 

1 st cycle product 
2nd cycle product 

387 7 1. 
52-41. 

108 8 
108 2 

(126 75) 

205 5 

1-42 

205-5 

3-25 
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A bstr act—The initial yield of nitrogen from nitrous oxide (1 atm, 20° C) irradiated with 
toco y-rays was <J Nl = 12-8 ±0-4 molecules per 100 eV. The energy absorption was deter¬ 
mined by ionization current measurements. Determination of the energy absorbed by the 
Fricke dosimeter gave G Nj = 12 0 ±0-4. 

The initial G N , was independent of the pressure of N 2 O between 200 and 760 mm Hg 
and of dose-rate between 0-73 and 3 0 x 10 14 eV ml" 1 min -1 . C Nj was not independent of 
total dose but decreased at doses greater than about 2-4 x 10 17 eV ml -1 , having a value of 
9-3 at 2-5 x 10i» eV ml" 1 . 

The yields of nitrite, formed when the irradiated gas was extracted with sodium 
hydroxide solution, and of oxygen have been determined. 

It has become common practice to use chemical dosimetry to measure the energy 
absorbed in liquids irradiated with ionizing radiation; in particular, the ferrous 
sulphate (Fricke) dosimeter has been generally adopted. While there is no comparable 
accepted chemical dosimeter for gaseous systems, several reactions have been used 
for this purpose. These include the polymerization of acetylene/ 1 * 2 ) the hydrogen- 
oxygen reaction, <3> the formation of carbon dioxide from carbon monoxide and 
oxygen/ 3 * and the decomposition of nitrous oxide. (4) Of these systems, the latter 
appears to be the most suitable having, according to Harteck and Dondes/ 4 * most 
of the requirements of an ideal dosimeter. 

A number of determinations of the energy-yields of the radiolysis products from 
nitrous oxide have been reported but considerable differences are found in the values 
obtained by different workers/ 4 ' 12 * In view of the possible importance of this 
system as a dosimeter, a redetermination of the energy-yields seemed desirable. 

The products from nitrous oxide, at pressures up to one atmosphere and at room 
temperature, in a glass vessel irradiated with 6°Co y-rays have been determined as 
a function of the radiation dose. The absorbed energy was measured by two methods: 
(a) ionization current measurements, (b) the Fricke dosimeter. 

w S. C. Lind, Chemical effects of x-particles and electrons. Chem. Catalogue Co., New 
York (1928). 

(2) F. W. Lamps, J. Phys. Chem. 61, 1015 (1957). 

<3) S. C. Lind and D. C. Bardwell, J. Amer. Chem. Soc. 51, 2751 (1929). 

(4) P. Harteck and S. Dondes, Nucleonics 14, 66 (1956). 

(!) E. Wourtzel, Radium, 289 (1919). 

(6 > G. Gedye, J. Chem. Soc. 3016 (1931). 

(7 > H. Essex and A. D. Kolumban, /. Chem. Phys. 8,450 (1940). 

(8) L. Dolle, Proceedings of the Second International Conference on the Peaceful Uses of 
Atomic Energy, Geneva, 1958, Vol. 20, p. 367. United Nations (1958). 

(9) B. P. Burtt and J. F. Kircher, Radiation Research, 9, 1 (1959) 

(10 > M. Sthnbbrg, BNL 612 (T-182) (1960). 

(1I) F, Moseley and A. E. Truswell, AERE/R-3078 (1960). 

(,2) J. A. Hearne and R. W. Hummel, Radiation Research 15, 254 (1961). 
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EXPERIMENTAL 

Nitrous oxide 

Medical nitrous oxide from a cylinder (British Oxygen Gases) was condensed at -183° C 
in a trap previously evacuated to below 10" 3 mm Hg. The condensed gas was sublimed into 
another trap, the middle fraction only being collected. Keeping the second trap at -196° C 
the NjO was pumped, using a three-stage mercury diffusion pump backed by an oil pump, 
until the pressure was below 10“ 3 mm Hg. The nitrous oxide was then allowed to liquify. 
This freezing, pumping, thawing cycle was repeated several times. By this means nitrous 
oxide was obtained with less than 10“ 3 mole per cent of impurities non-condensable at 
-196° C. At all stages mercury vapour was excluded by maintaining two traps at -80° C 
between any mercury (manometers and diffusion pump) and the nitrous oxide. 

Irradiation procedure 

Source A was a lead-shielded o°Co source!' 3 * 0 f approximately 200 c designed to give 
a uniform dose-rate over a specified volume; the irradiations were carried out within this 
volume. Source B was approximately 700 c of 60 Co shielded by concrete. 

The irradiation vessels (borosilicate glass) were evacuated to below 10“ 3 mm Hg then 
filled with nitrous oxide to a known pressure measured by a mercury manometer, three traps 
at —80° C being present between the manometer and the vessel to exclude mercury vapour. 
After filling, the vessels were closed by a stopcock, Apiezon L grease being used. 

Gas analysis 

After irradiation, the nitrous oxide was condensed at —196° C and the non-condensable 
gases transferred to a gas burette by means of a one-stage mercury diffusion pump and 
a Toepler pump. After pressure and volume measurement, the gases were analysed mass- 
spectrometrically. Where necessary, the non-condensable gas present in the nitrous oxide 
before irradiation was measured and allowed for. 

Nitrite analysis 

The irradiated gas was allowed to expand into a previously evacuated bulb of known 
volume. To the sample thus obtained, Ol N aqueous sodium hydroxide solution was 
added via a break-seal. Nitrite ion was determined spectrophotometrically in the solution 
by means of a-naphthylamme-sulphonihc acid reagent; two procedures were used<n- 15) 
identical results being obtamed m each case. 

Ionization current measurements 

An ionization chamber was constructed m which the products from nitrous oxide 
could be determined (Fig. 1). It consisted of a cylindrical borosilicate glass vessel, provided 
with a stopcock for filling with gas, tungsten rods (1 mm diameter) being sealed into the 
vessel as electrodes. One electrode passed down the central axis of the cylinder. Four 
rods parallel to this and adjacent to the wall of the cylinder were joined outside of the vessel 
to form the other electrode. The electrodes were soldered to coaxial screened cable,' the 
space between the cable and the vessel being filled with Apiezon “W” wax. The insulation 
between the electrodes was better than 10 18 fl. 

Voltage was applied to one electrode either from dry batteries (0-500 V) or from a 
stabilized voltage supply (500-2000 V). The other electrode was connected to earth via a 
known high resistance (10*12) and the voltage developed across this was measured on a 
“Vibron” d.c. amplifier (Electronic Instruments Ltd.; Model 33B). Normally, the chamber 
was used with the central electrode positive with respect to the outer electrodes; reversing 
the polarity did not change the value of the saturation current. 

Measurement of absorbed energy by means of ionization current measurements 

The suitability of the vessel as an ionization chamber was investigated by measuring 
the ionization current at different applied voltages. From Fig. 2, which shows measurements 
at three different gas pressures, it is seen that a good plateau was obtained. As is usual 

< 13 > J. A. Ghormley and C. J. Hochanadel, Rev. Sci. Instrum. 22,473 (1951). 

(MI T. Rkjo, G. Scholes and J. Weiss, J. Chem. Soc. 1952, 3034. 

(is) b. F. Rider and M. G. Mellon, Industr. Engng. Chem., Analyt, Ed. 18, 96 (1946). 
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when precise measurements of ionization currents are made, in the saturation region the 
current was not quite independent of the applied voltage. 116 ' The value of the saturation 
current was obtained by plotting the measured current against the reciprocal of the applied 
voltage and extrapolating the linear portion of the curve to infinite applied voltage. The 
saturation current per unit pressure of the gas was independent of the pressure over the 
range studied (6-0-400 0 mm Hg). 



Fia. 1 —Glass ionization chamber. 



Applied field (V mm -1 ) 

Fig. 2.—Dependence of ionization current on applied voltage at different 
nitrous oxide pressures. 

•> pressure = 368-3 mm. O, pressure = 131-5 mm. x, pressure = 220-5 mm. 

The saturation current in air was obtained in the same way as that for nitrous oxide. 

(16> J. W. Boag, Radiation Dosimetry (Edited by G. J. Hine and G. L. Brownell), p. 153. 
Academic Press, New York (1956). 
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The saturation current measurements gave the ratio of the mean energies required to 
produce an ion pair in NjO and air, >/«W - 0-944. Using the value W* - 33-7 eV 
per km pair<‘ 7 > this gives W^o = 31-8 eV per ion pair. A value of FFnjo - 3! -2 eV per 
ion pair has been reported for 5 MeV a-particles.<>*> 

The dose rate in NjO (Eg) was calculated from E, = JW^o electron_volts per min 

where J, the number of ion pairs formed per minute, is given by J = 60/ NfF, where I is 
the saturation current in amps, N is the Avagadro number and F the Faraday in coulombs 
per mole. 

Measurement of absorbed energy by means of the Fricke dosimeter . 

Under the conditions used, the radiation energy absorbed in the gas is due almost 
entirely to secondary electrons produced by y-ray absorption m the glass vessel wall. The 
energy absorbed in the gas is related to that absorbed in the wall by the Bragg-Gray relation¬ 
ship (cf. reference 19) which gives: 

EwZgSg 


E. = 


ZvjSvj 


( 1 ) 


where E, and E w are the energies absorbed per cm 3 , Z, and Z w are the number of electrons 
per cm, and S, and S v are the stopping powers per electron m the gas and the wall respectively. 
The necessary conditions for this to be applicable are:<i»> (a) the wall thickness must be 
greater than the range of the most energetic secondary electron, (b) the proportion of y-ray 
attenuation in the wall and the gas must be negligible, (c) the secondary electrons must lose 
only a negligible fraction of their energy in crossing the gas, (d) the vessel must be in a 
homogenous radiation field 

The experimental arrangements were adopted to fulfill these conditions as far as 
possible. The vessel was constructed of glass about 2 mm thick and was cylindrical m 
shape, the internal diameter being 1 -5 cm. The length of the vessel was varied from 5 to 
10 cm. The radiations were earned out in a homogenous field (Source A —see experimental 
section). Furthermore, the yield was directly proportional to gas pressure over the range 
200-760 mm Hg, showing condition (c) to hold 

Since for #0 Co y-rays and materials of low atomic number the energy absorption is 
proportional to atomic number, the energy absorbed m the vessel wall (E w ) was assumed to 
be given by: 



( 2 ) 


where E, is the energy absorbed per ml in a Fricke dosimeter solution inside the vessel and 
Z, is the number of electrons per ml in this solution. However, this assumption is not 
strictly correct since the measured energy in the Fricke dosimeter is the average energy 
absorbed over the whole volume of the solution whereas we require the energy absorbed in 
the vessel wall when a gas is present. Attenuation of the radiation by the solution will result 
in the apparent value of E w , calculated according to equation (2), being smaller than .the 
real value of E w . On the other hand, scattering by the solution will make the apparent value 
greater than the real value. It is extremely difficult to make an allowance for the error 
introduced by these two effects and, for the present purposes, it has been assumed that 
equation (2) is valid. 

From equations (1) and (2) we obtain- 


E, =EMl = l-76xlO-3£, (3) 

from which the energy absorbed in the gas can be obtained. The value of the stopping 
power ratio is not known but a value calculated from an empirical relationship between 
stopping power and atomic number^) indicates that S,\S V is not greater than 1 04 and, 
for the present purposes, it has been assumed to be unity. 


ll7 > W. B. Reid and H. E. Johns, Radiation Res. 14, 1 (1961). 

( i»> W. Riezler and A. Rudloff, Ann. Phys. 15, 224 (1955). 

<»»> F. W. Spiers, Radiation Dosimetry (Edited by G. J. Hine and G. L. Brownell), p. 23. 

Academic Press, New York (1956). 

(*») N. A. Baily and G, C. Brown, Radiation Res. 11, 745 (1959). 
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' 1 RESULTS 

Sitrogen formation 

The yields of nitrogen are plotted against total radiation dose in Fig. 3. There 
is good agreement between values based on ionization current measurements and on 
Fricke dosimetry, mean <? N2 values of 12-8±0-4 and 12 0±0-4 being obtained 
respectively. The initial G Nj is independent of dose-rate over the range used (7-3 x 10 13 
to 3-Ox 10 14 eV ml -1 min" 1 ) and of the pressure of nitrous oxide between 200 and 
760 mm.* ' ‘ , 

The yields of nitrogen from nitrous oxide irradiated in the ionization chamber 
were linear with dose up to the highest dose used (6-2xl0 17 eV ml' 1 ); however, in 
the experiments using the vessel calibrated by the Fricke dosimeter, a decrease in 
G Nj was apparent when the dose exceeded 2-4 x 10 17 eV ml -1 . The results are given 
in Table 1, together with values obtained in a further series of experiments in which 
a higher dose-rate (5-6xl0 14 eV ml -1 min' 1 ) was used. In the latter experiments 
an annular vessel (volume = 400 ml), which fitted closely around source B, was used. 
The dose-rate in this vessel was calculated from the initial nitrogen yield, assuming 
<?n 2 - 12-8. 


Table 1. —Irradiation of N 2 0 at 760 mm and 20° C. Dependence of the 

YIELDS OF NITROGEN AND OXYGEN ON TOTAL RADIATION DOSE 


Dose rate 
(eV ml" 1 
min -1 xlO -14 ) 

Total dose 
(eV 

ml -1 x 10~ 17 ) 

Yield of N 2 
(mole 
ml -1 xl0») 

Gn 2 

(molecules/ 

100 eV) 

ni 1 

2-90 

0 77 

1-51 

11-8 

0194 

2-90 

1 -81 

3 52 

11-7 

0-187 

2-90 

218 

4-23 

11-6 

0-172 

2-40 

2 41 

4-98 

12-3 

— 

2-90 

2-62 

4-95 

11-3 

0190 

2-90 

2 64 

5 00 

11-35 

0-188 

2-40 

9-50 

16 12 

10-1 

0-153 

5-60 

4-18 

7-40 

10-6 

— 

5-60 

5-20 

9-10 

10-5 

0-192 

5-60 

5-34 

8-95 

10-1 

0-209 

5-60 

22-10 

34 2 

9-3 

0-098 


Oxygen formation 

The values obtained for the ratio of the yields of oxygen and nitrogen, O 2 /N 2 , 
at different total doses are given in Table 1. The O 2 /N 2 ratio was constant and 
equal to 0-19i;0-01 at doses up to 5x 10 17 eV ml -1 but lower values were obtained 
at higher doses, a value O 2 /N 2 = 0 098 being observed at the highest dose used. 

* It was reported in a note** 11 that very high Go 2 values were obtained when N 2 0 was 
irradiated at low pressures with a 200 kV X-ray set and it was thought that a chain-reaction 
must occur under these conditions. It has since been found that the high conversions of 
N 2 0 in fact resulted from the existence of an a.c. field from the X-ray tube, in the position 
where the vessels were irradiated, which presumably produced a discharge in the gas leading 
to chemical change. The effect disappeared when an earthed gauze screen was placed 
around the vessel during irradiation. An extensive decomposition of nitrous oxide, qualita¬ 
tively similar to the radiation-induced decomposition, was found to occur when the gas was 
subjected to a mains-frequency (50 c/s) field of about 300 V cm' 1 mm Hg' 1 . 

(21) G. R, A. Johnson, Proc. Chem. Soc. 213 (1960). 
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when the irradiated gas was extracted with 0-1 N sodium 
hydroxide (72) The nitrite obtained at total doses up to 6 x 10 eV ml are plotted 
against total dose in Fig. 4. The yield was linear with dose in this region and cor¬ 
responded to G n02 = 2-3±0-2. 



Total dose 
(eV ml -1 x IO 1 7 ) 


Fig. 3.—Irradiation of nitrous oxide. Dependence of Nz yield on total dose 
O, dose rate measured by ionization current method = 7-3 xlO 13 
eV ml -1 min -1 , pressure = 760 mm Hg, vessel volume = 40 ml. 

+ , dose rate measured by Fncke dosimeter = 2 9xl0 14 eV ml -1 
min -1 , pressure = 760 mm, vessel volume = 70 ml. 

9, dose rate measured by Fncke dosimeter = 2 4 x 10 14 eV ml -1 
min -1 , pressure = 760 mm, vessel volume = = 58 ml. 

A, dose rate measured by Fricke dosimeter = 1-21 xlO 14 eV ml -1 
min -1 , pressure = 380 mm, vessel volume = 58 ml. 

dose rate measured by Fricke dosimeter = 6 5 x 10 13 eV ml -1 
min -1 , pressure = 200 mm, vessel volume = 58 ml. 


,22 > G. R. A. Johnson and G. A. Salmon, J. Phys. Chem. 65, 177 (1961). 
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Total dose 
eV ml -1 xl0 - i6 


Fig. 4.—Irradiation of nitrous oxide at 760 mm Hg and 20° C. Dependence of 
nitrite ion yield on total radiation dose. 

Dose rate => 2-9 xlO 14 eV ml -1 min -1 . 


DISCUSSION 

Values of the initial G N2 based on ionization current measurements and on 
Fricke dosimetry were 12-8+0-4 and 12-0±0-4 respectively. The small discrepancy 
between these values may well be due to the uncertainties, involved in calculating 
the dose-rate in the gas from dose-rate in solutions, which have been mentioned in 
the experimental section. It is therefore considered that the figure based on ionization 
current measurements is more likely to be correct. 

At conversions of N z O as low as 004 per cent (total dose = 2-4 x 10 17 eV ml -1 ) 
a fall-off in G N2 from the initial value was observed (Table 1); thus ^N2 decreased 
from the initial value of 12-8 to a value of 9-3 at a dose of 2-2 X10 18 eV ml -1 . This 
is in agreement with Steinberg* 10 * who, using dose-rates and gas pressures ap¬ 
proximately twice those used in the present work, obtained values of G N2 = 12’1, 
10-5, 9-2, 8-0 and 6-9 at total doses of 2x 10 10 , 2x 10 17 ,2x 10 18 , 2x 10i*> and 2x 10 20 
eV ml -1 respectively. Hearne and Hummel* 12 * obtained an initial G N2 = 1T0±0’4 
and state that the yield is not linear with dose above 5XlO 17 eV ml -1 . The initial 
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Gjjj found in the present work is in reasonable agreement with that of Burtt and 
Kircher®' who found G N2 = 11-7. The lower values of <? N2 = 9-7 and 9-4 reported 
by Harteck and Dondes< 4 > and Moseley and Truswell<h> are apparently not 
initial values. 

In the ionization chamber experiments the yield of nitrogen was linear with 

dose up to the highest dose used, 6-2x 10 17 eV ml -1 , i.e., up to a dose more than 

twice that at which a fall-off in the value of G N2 was apparent in the other experiments 
described above. The dose-rate used in the ionization chamber experiments 
(7-3x1013 eV ml -1 ) was somewhat lower than the dose-rate (< 3x 1014 e V m i-i 
min ~l) used in the other experiments and it is possible that the different behaviour 
may be due this. 

Assuming that the primary products are N 2 , O 2 and NO and that the reaction 

2N0+0 2 -» 2N0 2 (1) 

occurs as a trap reaction under the conditions used in the analysis/®) the measured 
yield of oxygen (G 02 me “' ured ) will be less than the actual yield (G 02 actuM ). Representing 
the radiation-induced decomposition: 

N 2 0 -> a N 2 +b 0 2 +c NO (2) 

we have 2 a = 4 b+c. Since G N2 = a = 12-8 and G 02 mo ** ured = b—\ c = 2-4 we have 
G 0l tc, '“ i — 5-1 and G NO = 5-4. This calculated value of G NO is shghtly higher than 
the value G NO = 4-6±0-4 derived from the measured G N02 — = 2-3±0-2 by assuming 
that reaction (1) proceeds quantitatively in solution and that the N0 2 formed leads 
to nitrite according to 2N0 2 +20H~ N0 2 ~+NO3 _ +H 2 O 

The yields of oxygen previously reported* 4 ' ®' 12 > are lower than the value 
G 02 * clual = 5 •1 obtained in the present work. It is suggested that the lower values 
may be attributable to either the analytical procedures used, or, in some cases, to the 
fact that the dose has been in excess of that required to give the initial yield. 

The nitrous oxide system appears to be of value as a dosimeter but caution must 
be exercised in its use It is clear that it is preferable to measure the nitrogen rather 
than the other products since it is formed with a higher yield and its determination is 
less subject to analytical difficulties. Care must be taken to ensure that the initial 
yield is measured if the energy absorption is calculated from the value G N2 = 12-8 
For the measurement of low total doses (up to 2x 10 17 eV ml -1 ) determination" of 
nitrite ion as described may prove to be convenient since the method is sensitive and 
avoids gas analysis. 

Acknowledgement —I thank Professor J. J. Weiss for his encouragement. The mass spectro- 
metric analysis were carried out by Mr. P. Kelly. 
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THE CRYSTAL STRUCTURE OF TRIMERIC 
PHOSPHONITRILIC BROMIDE 

P. de Santis, E. Giglio and A. Rlpamontc 
Istituto Chimico, Centro di Studio per la Chimica Fisicaf, 
del Consiglio Nazionale delle Ricerche, University of Naples 

( Received 19 July 1961) 

Abstract —The results of an X-ray two-dimensional analysis of the crystal structure of 
trimeric phosphonitrilic bromide are reported. 

The compound is isomorphous with trimeric phosphonitrilic chloride, as found by Boob. 
The refinement of the structure has been carried out by means of Fourier differential 
synthesis on the projections (100) and (001). On the basis of the results obtained the most 
important aspects of the molecular geometry are discussed with reference to the other 
phosphonitrilic halides thus far investigated. 

Recent X-ray studies on the structure of cyclic phosphonitrilic halide polymers 
provide strong evidence that P-N bond lengths and NPN and PNP bond angles as 
well as the molecular conformations of these molecules vary with the nature of the 
substituent groups attached to the phosphorus atoms, and with the size of the ring. 

Previously reported results^* of an X-ray three dimensional analysis of trimeric 
phosphonitrilic chloride carried out in our laboratory, have shown that the (PN) 3 
ring has a slight chair conformation and that the P-N bond lengths are considerably 
shorter than those derived for this compound by Brockway and Bright (2 > on the 
basis of electron diffraction data. 

Ketelaar and De Vries<3> in an X-ray diffraction study of tetrameric phos¬ 
phonitrilic chloride have found an average P-N bond length of 1 -67 A and a puckered 
nng conformation This structure which cannot be considered very accurate has been 
refined by Miss A. Vos (private communication). The bond distances are considerably 
shorter than those of Ketelaar. Recently McGeachin and Tromans< 4) have found 
in tetramenc phosphonitrilic fluoride a molecular symmetry D 4h with values of PN 
bond length of 1 -51 A and PNP and NPN bond angles of 147° and 123° respectively. 
On the other hand the results of an X-ray two-dimensional analysis of tetrameric 
phosphonitrilic dimethylamide carried out by Bullen< 5 > show that the (PN >4 ring 
has a P-N bond length of 1 *59 A and NPN and PNP bond angles of 121° and 129° 
respectively and a puckered conformation different from that found by Ketelaar 
and de Vries® for (NPC1 2 )4. 

Furthermore an investigation of the molecular conformation of linear poly- 
phosphonitrilic chloride,< 6 > carried out in our laboratory, has led to the conclusion 
that the P-N bond lengths and the PNP and NPN bond angles of backbone chain 
should be significantly different from those found for (NPC^j. 

<*» F. Pompa and A. Ripamonti, Ric. Sci. 29, 1516 (1959); E. Giguo, Ibid. 30, 721 (1960). 
<2) L. O. Brockway and W. M. Bright, J. Amer. Chem. Soc. 65, 1551 (1943). 

(3) J. A. A. Ketelaar and T. A. De Vries, Rec. Trav. Chim. 58,1081 (1939). 
l4) H McD. McGeachin and F. R. Tromans, Chem. Industr. 1131 (1960). 

151 G. J. Bullen, Proc. Chem. Soc. 425 (1960). 

(6) E. Giguo, F. Pompa and A. Ripamonti, J . Polymer Sci. In press. (1962). 
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Bodp< 7 > was the first to investigate the crystal structure of trimeric phosphonitrilic 
bromide, but was not able to localize the nitrogen atoms on the Fourier projection. 
The bond angles and bond lengths were derived from the parameters of the Br and 
P atoms, assuming a planar (PN) 3 ring on the basis of the data obtained by Brockway 
and Bright for (NPC1 2 ) 3 . 

In order to obtain a clear picture on the molecular structure of phosphonitrilic 
halides it appeared to us advisable to reconsider the earlier work. A preliminary 
account of an accurate X-ray structure determination of trimeric phosphonitrilic 
bromide will therefore be given here. 

DETERMINATION OF THE STRUCTURE 

Crystals suitable for X-ray analysis were prepared by slow evaporation of 
solutions of trimeric phosphonitrilic bromide in benzene. 

Since the compound sublimes slowly at room temperature the X-ray photographs 
were taken using crystals enclosed in sealed thin-walled glass capillaries. 

The unit cell dimensions determined from measurements on oscillation and 
precession photographs, are; a = 6-63 (±0-01) A: b = 13-36 (±0-02) A: c = 14 43 
(±0-02) A: in good agreement with those found by Bode.U) 

The orthorhombic unit cell contains four molecules, corresponding to a calculated 
density of 3-18 g cm -3 . 

The reflexions Okl and hkO were recorded on Weissenberg photographs using 
CuXix radiation with a multiple film technique. In this way 83 per cent of the Okl 
and 65 per cent of the hkO reflexions were recorded up to a value of (sin 0)/k of 0-64 
and 0-60 respectively. All the intensities were estimated visually with the aid of a 
calibrated scale and corrected in the usual way for Lorentz and polarization factors. 
Since the size of our crystals was very small, it was not considered necessary to make 
a correction for absorption. 

The systematic absences in the reflexions and the absence of a piezoelectric effect 
indicate a very close similarity with the trimeric phosphonitrilic chloride which is 
orthorhombic with:< 8) 

a — 6-17 A. b = 12-91 A: c = 14-03 A: 
space group /)j*, Z = 4. 

Therefore for the first stage of the structure determination, it seemed reasonable 
to assume for the phosphorus atoms and nitrogen atoms the same co-ordinates as 
established for (NPC1 2 )3. The co-ordinates of the bromine atoms were derived from 
those of the chlorine atoms assuming a P-Br bond lengths of 2-2 A. 

The atomic parameters were then refined by means of several two dimensional 
Fourier differential synthesis on the projections (100) and (001), using the Shjono’s 
programmes for an IBM 650 electronic computer. W 

When the refinement gave no further improvement, the reliability factor 

D _ Xll-^obsl ~ l-^cglcll 

was 0-21 and 0-17 for the F okt 's and F hk0 's respectively, using a mean isotropic 
temperature factor exp [-3-0 (sin 0/A) 7 ]. 

< 7 > H. Bode, Angew. Chem. 61, 438 (1949); Structure Reports, Vol. 12, p. 227 (1949). 

N. V. A. Oosthoek’s Uitgevers Mij, Utrecht (1952). 

(*> E. Qpoluni, F. Pompa and A Ripamonti, Ric. Sci. 28, 2055 (1958). 

*** Shiono, IBM 650 program for differential Fourier Synthesis in X-ray crystal structure 
anmfysis, Technical Report No. 2. University of Pitsburgh (1957). 









WiN 

Jr,' 


472 


P. de Santo, E. Giouo and A. Ripamonti 


Table 1 lists the co-ordinates of the atoms contained in the asymmetric unit of 
stnJme «prld as fractions of unit ceil edges The labelling of the atoms is 
indicated in Fig. 3. The atoms N b Pi, Bn and Br 2 lie on a mirror plane. 


Table 1. 


x j a ylb tie 


N, 0-580 0-250 

N 2 0-453 0-152 

p, 0-413 0-250 

p 2 0-557 0-150 

Br, 0 574 0-250 

Br 2 0-111 0-250 

Bn 0 851 0-071 

Bn 0-380 0-050 


0-137 

-0-005 

-0-058 

0-090 

-0-190 

-0-098 

0-082 

0-180 



Fig. 3. —Trimeric phosphomtrilic bromide, showing the numbering system used. 
DISCUSSION OF THE STRUCTURE 

A drawing of the unit cell showing the molecular packing and the closest inter- 
molecular contacts is reported in Fig. 4. 

Intermolecular distances correspond to normal Van der Waals interactions. 

The values of the bond lengths and bond angles calculated from the co-ordinates 
of Table 1, are shown in Table 2. 
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At tius stage of the refinement the accuracy is not very high, but it is sufficient 
to show the most important aspects of the molecular geometry. 



Fra. 4.—Drawing of the unit cell, showing the molecular packing and the closest 

mtermolecular contacts 


Table 2. 

NTpI - 1*51 A 
NTP? = 1 -53 A 
h+P7 =1-54 A 
PTBt, = 2 08 A 
P7bF 2 - 2-14 A 
FUd = 2-22 A 
PTBri - 2-20 A 

The best plane of the (PN) 3 ring calculated by the least-squares method, using 
the atomic co-ordinates of Table 1, is defined by the equation: 

-0-326 *+0-140 z+1 = O 

the distance from this plane to the origin of the unit cell being 2-82 A. The mean 
deviations of the nitrogen and phosphorus atoms from this plane is small (0-05 A). 
However, since the nitrogen atoms lie above and the phosphorus atoms systematically 
below the best plane, the molecular ring has a slight chair conformation similar to 
that found for trimeric phosphonitrilic chloride. 


N z P, N 3 


117° 


P 2 N ( P 3 = 126° 

/X 

Ni P 2 N 2 - 116° 

+\ 

Pi N 2 P 2 =122° 

/\ 

Br t Pi Br 2 = 103° 

/\ 

Br 3 P 2 Br 4 = 102° 
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This might be taken as an evidence that the deviation from a planar structure 
which appears to be systematic for the trimeric phosphonitrilic ring is not produced 
by the crystal forces as suggested by Wilson and Carroll< 10> for the trimeric 
phosphonitrilic chloride. 

The mean P—N bond length of 153 A is smaller than that reported by Bode (T| 
(1-58 A) and the average values of PNP and NPN angles are significantly different 
A comparison with (NPCl 2)3 again emphasizes the influence of the substituents on 
the phosphorus atoms on bond lengths and bond angles in the ring. Finally it may 
be noted that the bond angles on the nitrogen atoms of the molecular ring in all the 
compounds of the series thus far investigated are significantly larger than those on 
the phosphorus atoms. 

In view of the important theoretical implications involved in the above mentioned 
effects, the three-dimensional refinement, in progress, of the structure of trimeric 
phosphonitrilic bromide can be of particular interest. 

Acknowledgements —The authors wish to express then gratitude to Professor A. M. Liquori 
for his interest and very helpful discussions, and to Dr. R. A. Shaw for the supply of trimeric 
phosonitrihc bromide. 

This work has been financially supported by the Consiglio Nazionale delle Ricerche. 

(1< » A. Wilson and D. F. Carroll, J Chem. Soc. 2548 (1960). 
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INFRA-RED SPECTRA OF SEVERAL SALTS OF 
ACIDIC ORGANOPHOSPHORUS COMPOUNDS* 

J. R. Ferrai^o i 

Chemistry Division, Argonne National Laboratory, Argonne, Illinois 

{Received 13 October 1961; in revised form 10 November 1961) 

Abstract —The infra-red spectra of several sodium salts of acidic organophosphorus com¬ 
pounds (GO) 2 PO(OH), (GO)G'PO(OH)t are discussed. It is observed that the salt spectra 
are sharper than the acid spectra. The phosphoryl absorption (P — O) in the acids is replaced 
by two new peaks—the POO - asymmetric vibration (1210-1283 cm - >), which is at a higher 
frequency when the G group is aryl, and the POO - symmetric vibration (which appears to 
remain constant for the phosphates at about 1100 cm -1 )- The position of the POO - 
asymmetnc vibration for the salts of p-substituted aryl phosphoric acids appears to shift 
to higher frequency as the Hammett function o p decreases. In the aryl phosphoric acids and 
the aryl hydrogen phosphonates, the region of about 960-1000 cm -1 attributed to the 
[P-OJ-aryl vibration disappears on salt formation, and a new region at 900-930 cm -1 
appears. 

In the alkali, alkaline earth, Co(II) and Sc(III) salts of bis-(2-ethylhexyl)-phosphoric 
acid, there appears to be a trend toward lower values of A (where A is v poo - asymmetric 
-v po# - symmetric) as $ (charge/ionic radii) increases. 

In the course of previous investigations* 1 ) it was necessary to prepare the sodium 
salts of several acidic organophosphorus compounds [(GO) 2 PO(OH) and 
(GO)(G')PO(OH)] as an aid in identifying the phosphoryl asymmetric stretching 
vibration (P -*■ O). The purpose of this paper is to discuss the infra-red spectra of 
these salts, which are presumed to be new. 


EXPERIMENTAL 

The salts were prepared from the acids by titration of an alcoholic solution with 01 N 
base to a phenolphthalein end point. (The acids (> 99 per cent purity) were prepared and 
purified as described in a previous publication * 21 and their infra-red spectra reported.)<i- 21 
The solutions were evaporated slowly and the salts filtered off. Several of these salts were 
also prepared using a Precision-Dow titrimeter. Both methods gave identical products. 
Sodium phenyl phosphinate was prepared from phenyl phosphinic acid (d>HPOOH), 
obtained from Victor Chem. Works (m.p. 81° C; equivalent weight 142). Sodium di-p- 
nitrophenyl phosphate was prepared from di-p-nitrophenyl phosphoric acid, obtained from 
the Aldrich Chem. Co., Milwaukee, Wisconsin. 

The infra-red spectra were obtained with a Beckman mfra-red-4 spectrophotometer. 
The spectra were made on KBr disks and Nujol mulls for checks. 

* Based on work performed under the auspices of the U.S. Atomic Energy Commission, 
t G can be aryl, alkyl or mixed alkyl-aryl or a substituted variant thereof. 

“> D. F. Peppard, J. R. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 16, 246 (1961). 
!J) D. F. Peppard, J. R. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 12, 60 (1959). 
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DISCUSSION AND RESULTS 

As has been previously indicated' 1 ) in forming the salts of acidic organophosphorus 
compounds, the expectation is to observe two new frequencies corresponding to the 
PCX)- asymmetric and POO" symmetric absorption. The original P-*0 absorp¬ 
tion, present in the acid, is no longer to be found, for in the salt, the oxygens are 
indistinguishable (analogous to the situation in salts of monocarboxylic acids). It is 
observed from the spectra of these salts that the original P-*0 absorption has 
disappeared, and is replaced by two peaks corresponding to the POO" asymmetric 
and symmetric absorption. In Figs. 1-2 the spectra of two of the acids and their 
sodium salts in the region 1000-1300 cm -1 are compared. The spectra in this region 
of the other acids and their salts are similar and therefore have been omitted. The 



NoD p-TP 
(Nujol Mull) 


HO p-TP 
(Nujol Mull) 


Fig. 1 . Infra-red spectra of bis-(p-tolyl)-phosphoric acid and its sodium salt in 
the 1000-1300 cm -1 region. 

asymmetric vibration is located anywhere from 1210-1283 cm" 1 , and is at higher 
frequency when the G group is aryl The symmetric vibration in the sodium salts of 
the phosphoric acids remains fairly constant at about 1100 cm -1 In the salts of the 
hydrogen phosphonates, this vibration appears to vary over a larger range. StimsonU) 
found that the COO - symmetric vibration also remained fairly constant in the salts 
of substituted benzoic acids. Both (POO - ) peaks are strong and sharp as compared 
to the rather broad P-^O peaks in the acid. In general, f the’sa It spectra are sharper 

w M. Stimson, J. Chem. Phys. 22, 1942 (1954). 
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than the acid spectra. This can be a consequence of the hydrogen bonding existing 
in the acids, which tends to broaden the phosphorus associated vibrations. In the 
salt spectra, the bonded OH regions disappear as expected. Other regions of absorp¬ 
tion in the spectra of these salts are the — CH stretching vibrations occurring at 
about 2800-3100 cm~i; the —C = C— skeletal in-plane vibrations in the aryl rings 
at about 1500-1600 cm -1 ; the —CH bending mode in alkyl groups at about 
,350-1480 cm and the out-of-plane —C-H vibrations in the aryl groups at about 
700-840 cm -1 . 



Fio. 2.—Infra-red spectra of bis-(/Msopropylphenyl)-phosphoric add and its 
sodium salt in the 1000-1300 cm -1 region. 

The POO - asymmetric and symmetric absorptions in the sodium salts prepared 
from fourteen organophosphoric acids and three hydrogen organophosphonates are 
recorded in Table 1. It is observed that the difference between these absorptions is 
greater where G is aryl than where G is alkyl, and must be related in part to the 
electronegativity of the G group. Fig. 3 illustrates the plot for the sodium salts of 
^-substituted aryl phosphoric acids (Hammett <r p functions vs. POO“ asymmetric 
vibrations), and it is observed that the POO” asymmetric vibration shifts to higher 
frequency as the o p function decreases. 

Bellamy^' has called attention to the observation that in two aryl phosphoric 
acids the absorption at about 1000 cm -1 vanishes on salt formation or is much 
reduced in intensity. This band is presumably the [P-0]-aryl vibration. From this 

(4) L ' J- Bellamy and L. Beecher, J. Chem. Soc. 728 (1953). 
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Taw b 1.— The POO- asymmetric and symmetric absorptions in the 

SODIUM SALTS OF ACIDIC OROANOPHOSPHORUS COMPOUNDS 


Sodium salt of phosphoric acids 

v (cm 

poo- 

asymmetnc 

(1) 

-o 

poo- 

symmetnc 

(2) 

A 

(1-2) 

Nature of 
G group 

/nsopropylphenyl 

1282 

1105 

175 

Aryl 

p-tolyl 

1282 

1105 

177 

Aryl 

Phenyl 

1278 

1110 

168 

Aryl 

p-phenylphenyl 

1277 

1102 

175 

Aryl 

p-{ 1,1,3,3-tetramethylbutyl)phenyl 

1283 

1108 

175 

Aryl 

/(-naphthyl 

1273 

1102 

171 

Aryl 

Phenylethyl 

1270 

1110 

160 

Alkyl 

o-tolyl 

1250 

1100 

150 

Aryl 

Cyclohexyl 

1250 

1105 

145 

Alkyl 

p-nitrophenyl 

1235 

1090 

145 

Aryl 

Ethylhexyl 

1243 

1100 

143 

Alkyl 

Butoxyethyl 

1250 

1115 

135 

Alkyl 

y-phenyl propyl 

1240 

1095 

145 

Alkyl 

Butyl 

1220 

1070 

150 

Alkyl 

Sodium salt of hydrogen 





phosponates 





Phenyl phenyl 

1240 

1065 

175 

Aryl 

Benzyl phenyl 

1245 

1074 

171 

Aryl 

Butyl butyl 

1210 

1090 

120 

Alkyl 


I- 

UJ 

Z 

z 

< 

X 


as 

- 

I -1- 

"itrophsnyl 

- 

0.6 

- 


- 

0.4 

- 


- 

0.2 

- 

nopthyl 

- 

0 

- 

^^.p-phenylphenyl 

A -—phenyl 


-0.2 

- 

p-lsopropylphenyl 

’"-■-■'p-tolyl 

- 

-0.4 


--1—-1_ 



1250 1200 1150 

cm - ' 


Fig. 3. The POO “(asymmetric) frequency of several para-substituted aryl 
phosphoric acids vs. the Hammett <r p function. 
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study, it is observed that this is a general behaviour for the salts of the aryl phosphoric 
acids and may be general for all salts containing an [P-0]-aryl link. The band in 
the 960-1000 cm -1 region disappears on salt formation, and is replaced by a new 
band at 900-930 cm -1 . In some cases, the new band is very shaip and intense. If the 
new peak is still associated with the [P-0]-aryl vibration, it would represent a 
weakening of this bond and a consequential shift toward lower frequencies. With the 
salts of the alkyl phosphoric acids, the region between 1000-1050 cm'~t,is apparently 
maintained, although sharpened up, and several fine peaks replace the one very 
strong broad peak present in the acid. Sodium phenyl phenylphosphonate, having 
one [P-0]-aryl group, behaves very much like the aryl phosphoric acids in losing the 
absorption in the 960-1000 cm -1 region on salt formation with new absorptions 
occurring at lower frequency. Sodium benzyl phenylphosphonate and sodium phenyl 
phosphinate (<f>HPOONa), lacking the [P-OJ-aryl group fail to demonstrate a shift 
to lower frequency on salt formation. This lends support to the supposition that the 
absorption in the 960-1000 cm -1 region in the acids is associated with the [P-0]-aryl 
group. Figs. 4-5 illustrate the comparison between the acid and salt spectra in the 
region 800-1200 cm -1 . 



Fig. 4.—Infra-red spectra of Bis-[(p-l, 1,3, 3-tetramethylbutyl)phenyl]-phosphoric 
add and its sodium salt in the 800-1200 cm -1 region. 

The cation effect on the POO - asymmetric and symmetric vibrations of the salts 
of bis-(2-ethylhexyl)-phosphoric and bis-(l, 1, 3, 3-tetrametbylbutyl)-phosphoric adds 
was investigated. The alkali and alkaline earth salts of these adds were prepared and 
their infra-red spectra obtained. The spectra of the salts Co(en) 3 (DEHP )3 and 
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A, cm' 1 


Fro. 6.—Cation effect on the POO - asymmetric and symmetric frequencies for 
various salts of bis-(2-ethyIhexyl)-phosphoric add. 
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Sc(D£HP )3 were reported in a previous publication.* 5 * The tabulated results appear 
In Table 2. Fig. 6 illustrates a plot of charge/ionic radii (4>) versus A (where A is 
[ypoo-usymm*^ - Vo - (.ymmemcj). for various salts of bis-(2-ethylhexyl)-phosphonc 
acid. Generally there appears to be a trend toward lower values of A as the value 
of <f> increases (and roughly as the electronegativity of the metal increases). These 
relationships appear to hold for the salts of organophosphoric acids of high ionic 
character, such as those presented in Fig. 6. Where a high degree of covalency is 
introduced in the metal to phosphate bond, the position of (asymmetric) _ appears 
to shift toward higher frequency. (5) In addition, in the complexes involving metals 
With high charge (e.g. Th 4+ , Zr 4+ , Hf 4+ , etc.) there is a strong tendency to form 
polymeric complexes, and this would affect the absorption in this region. < 5 > 

Comparative results with the salts of the carboxylic acids are available. 
Kagarise <6> has found for the salts of monocarboxylic acids that the COO - asym¬ 
metric frequency increases as the electronegativity of the metal increases. SriMSON (i > 
found a tendency for the COO - asymmetric frequency, in salts of substituted benzoic 
acids, to increase as the electronegativity of the cation decreased. 

Acknowledgement — The author wishes to thank Mr. G. W. Mason of Argonne National 
Laboratory for purifying the acids from which these salts were prepared 

(5) D. F. Peppard, J. R Ferraro and G. W. Mason, J Inorg. Nucl. Chem. 10 275 (1959) 
<«» R. E. Kagarise, /. Phys Chem. 59, 271 (1955). 
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infra-red spectra and vibration assignment 
of phosphonitrilic halides—i 

TRIMERIC PHOSPHONITRILIC CHLORIDE 

S. Califanot ' , 

Istituto Chimico, Via Mezzocannone, 4, Napoli, Italy 

(Received 19 July 1961) 

Abstract— -The infra-red spectra of (NPC1 2 )3, have been measured in the vapour phase, in 
solution and in KBr pellets, between 3000 and 300 cm -1 . 

Using the Raman spectra given in the literature, a new vibrational assignment is given 
on the basis of a D} h molecular symmetry. 

The assignm ent of the infra-red active modes is confirmed from the measurement of 
their dichroic ratios in the crystal. 

Despite the considerable amount of work recently published on the crystal structure^ 
and on the electronic configuration < 2) of the trimeric phosphonitrilic halides, their 
molecular spectra have received until now relatively limited attention. 

The Raman and infra-red spectra of (NPF 2 ) 3 were recently reported by Becher 
and Seel. (31 The Raman spectrum of (NPC1 2 ) 3 was investigated some years ago by 
Fiequelmont, Magat and Oc;hs< 4 > and later by Daasch.< 5 > The latter also determined 
the infra-red spectrum in solution and proposed a partial assignment assuming a 
planar structure with D ih symmetry. Scattered information are also available in 
the literature on the infra-red spectra of the mixed chloro-bromo< 6 > and chloro-fluoroW 
halides, but they are generally of a qualitative nature and limited to the identification 
of the ring frequency at about 1300 cm -1 . 

A systematic study of the spectra of the phosphonitrilic halides in the different 
states of aggregation has therefore been undertaken with the hope of obtaining a 
more complete and satisfactory picture of the normal modes of vibration of this 
interesting class of inorganic compounds. 

In this first paper we will report on the vibrational assignment of (NPC1 2 ) 3 . 
A detailed analysis of the crystal spectrum in polarized light will be published shortly. 
We shall however, whenever necessary, make use of the results of the polarization 
measurements in the discussion of the vibrational assignment, because they are often 
the only available criteria of choice, the rotational envelope of the vapour bands 
not being resolved. 

(1) L. O. Brockway and W. M. Bright, J. Amer. Chem. Soc. 65, 1551 (1943); A. Wilson 
and D. F. Carrol, Chem. & Ind. 1558 (1958); E. Cipollini, F. Pompa and 
A. Ripamonti, Ric. Sci. 28, 2055 (1958). 

(2) D. P. Craig and N. L. Paddock, Nature, Lond. 181, 1052 (1958); M. J. S. DbWar, 
E. A. C. Lucken and M. A. Whitehead, /. Chem. Soc. 2423 (1960). 

{i> H. J. Becher and F. Seel, Z. Anorg. Chem. 305, 148 (1960). 

,4) A. Fiequelmont, M. Magat and L. Ochs, C.R. Acad. Sci., Paris 208, 1900 (1939). 

!5 > L. W. Daasch, J . Amer. Chem. Soc. 76, 3403 (1954). 

161 R. G. Rice, L. W. Daasch, J. R. Holden and E. J. Kohn, J . Inorg. Nucl. Chem. 5,190 
(1958). 

<7) A. C. Chapman, D. H. Paine, H. T. Searle, D. R. Smith and R. F. M. Whtte, J. Chem. 
Soc. 1768 (1961). 
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EXPERIMENTAL 

The phosphonitrilic chloride trimer used was kindly supplied by the Albright and 
Wilson Co. and purified by several crystallizations from benzene. 

The spectra were obtained in the vapour phase, in KBr pellets as well as m solution 
(CS 2 ) with the aid of a Perkin Elmer double beam spectrograph model 13 C equipped with 
NaCl, KBr and KRS-5 optics. 

The vapour phase spectra were obtained by using a cell of 9 cm path, electrically heated 
to a temperature of about 150° C. The observed frequencies, together with the Raman 
data taken from the literature are collected in Table 1. 

Table 1.—Infra-red and raman spectra of (NPC1 2 >3 


Infra-red 


Raman 


Vapour Solid 


533 vs 
552 s 
584 vw 


1266 m 
1298 m 
1368 w 
1758 w 
1888 w 
197S w 
1998 m 
2068 w 


1310 m 
1368 w 
1758 w 

mow 

1975 w 
1998 m 
2075 w 


Reference (5) 


100 vw P 
162 (4 )dp 
173 (3 )dp 
210 (3 )dp 

340 (1 )dp 
365(10) P 
523 (0 5)— 


Reference (4) 


100 (5) P 
162 (5 )dp 
177 (5 )dp 
206 (4) — 
312 vw — 
339 (3) dp 
366 (8 )P 
533 (1 )dp 


619 vs 

"1 603 vs 
/ 613 

610(0-5)— 

614 (1) — 

636 m 

670 w 

700 vw 

670 (4) P 

672 (6) P 




707 vw — 

997 vw 

739 vw 

785 w 

823 vw 

848 vw 

864 w 

875 m 

785 (2) P 

OO 

ss 

< t: 

* S 

I 1 



991 vw 


1037 vw 

1037 vw 



1074 vw 

1094 vw 



1125 w 

1125 w 



1150 w 

1150 w 



1202 s 

1196 s 



1226 vr 

1218 vs 

1251s 


1230 vw — 


1368 vw — 
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The spectra in the vapour phase and in KBr pellet are shown in Figs. 1 and 2, The 
solution spectrum is not shown being already published in reference (5). 



Fig 1 —Infra-red spectrum of (NPC1 2 )3 m the vapour phase. Temperature about 150° C 



cm -1 

Fig. 2.—Infra-red spectrum of (NPCUJa m KBr pellet. 
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THE MOLECULAR SYMMETRY 

A recent tridimensional Fourier analysis**** has shown that (NPC1 2 )j exists in 
the crystal as slightly non-planar six-membered rings with a chair structure. The 
ring puckering is however so small that the assumption of a planar structure with 
D ih symmetry seems adequate for the interpretation of the spectra in the vapour 
phase and in solution. As a matter of fact the Raman spectrum, as pointed out by 
Daasch,< 5) is consistent only with the D ih molecular symmetry; only four polarized 
lines appear and no more than five coincidences are observed above 300 cm’*, 
where the infra-red spectrum is available. The selection rules for the C ir point 
group (chair structure) would instead require seven polarized Raman lines and all 
infra-red active bands to be active also in the Raman spectrum. 

The selection rules for the D ih point group as well as for the C 3r point group are 
shown in Table 2. 


Table 2.—Selection rules for the planar and puckered configuration 

of (NPC1 2 ) 3 


Das 



Cji) 

Species No Infra-red Raman 


Species 

No Infra-red Raman 


A\ 

Ai" 

E' 

E" 

A\" 


4 

3 
6 

4 
1 
2 


la 

Mi 

(MxMy) 
i a 

i a 

la 


P- 
w- 
dp- 
dp- 
la ■ 

ia ■ 


Mz 


10 {MxMy) dp 


ia ia 


VIBRATIONAL ASSIGNMENT 

A i species 

Three A { fundamentals are easily identified in the polarized Raman lines at 
100, 365 and 670 cm -1 . There is a disagreement in the Raman spectra of references 
< 4 * and (5 > on the depolarization ratio of the fourth line. Fiequelmont et al. reported 
a strong polarized line at 575 cm -1 , while Daasch has found the same line depolarized 
and has detected a new polarized line at 785 cm -1 . 

The infra-red spectra do not furnish any conclusive evidence in favour of one or 
other of the two possibilities. The measurements in polarized light can be better 
interpreted on the basis of Fiequelmont’s choice, but, on the other hand, the 
assignment of the 785 and 670 cm -1 bands to A\ fundamental modes, agrees better 
with the assignment of other known molecules. 

Both arguments are however not decisive and a new Raman spectrum is therefore 
highly desiderahle. If the 785 cm -1 band is taken as an A{ fundamental, then the 
575 cm~* line should be assigned to the E" species, while if the 575 cm -1 line is assumed 

<«* F. Pompa and A. Ripamonti, Ric. Sci. 29, 1516 (1959); E. Giguo, Ric. Sci. 30,721 (1960). 
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as an A\ fundamental, then the 785 cm -1 band can only be explained as one of the 

combination bands: 

613+173 = 786 (£0 
575+210 = 785 (£')• 

Both assignments are given in Table 3, but a slight preference is given to die 
first one. 


Table 3.— Vibrational assignment of (NPCUb 


Symmetry 

N 

V 

I II 

Type of vibration 

Ax' 

1 

785 | 670 

Ring stretching 


2 

670 | 575 

Ring in pl. def. 


3 

365 

PCI 2 symm. stretch. 


4 

100 

PCI 2 symm. bending 

Ai" 

5 

619 

Ring out of pl. def. 


6 

552 

PCI 2 asymm. stretch. 


7 

... 

PCI 2 rocking 

Ax" 

8 

• 

PCI 2 twisting 

Ai' 

9 

875 ? 

Ring stretching 


10 

... 

PCI 2 wagging 

E' 

11 

1226 

Ring stretching 


12 

1202 | 875 

Ring stretching 


13 

533 

Ring def. in pl. 


14 

336 

PCI 2 symm. stretching 


15 

(150) 

PCI 2 wagging 


16 

... 

PCI 2 bending 

E" 

17 

575 | 610 

PCI 2 asymm. stretching 


18 

210 

Ring out of pl. def. 


19 

173 

PCI 2 twisting 


20 

162 

PCI 2 rocking 


Daasch has assigned the two bands at 785 and 365 cm -1 to ring motions and 
the band at 670 cm -1 to a PCI 2 stretching vibration. The comparison with the 
assignment of PC1 5 , (9 > for which the symmetric PCI stretching mode occurs at 
394 cm -1 and the symmetric bending mode at 100 cm -1 , suggests however that this 
assignment should be revised, assigning the 785 and 670 cm -1 bands to the ring 
vibrations and the 365 and 100 cm -1 bands to the PCI 2 motions. 

There are a few other arguments to support this assignment. Once the 575 cm" 1 
band has been assigned to the £" species, it can only correspond to the PCI 2 asym¬ 
metrical stretching mode. It would seem rather strange to find the corresponding 
symmetrical vibration at a higher frequency, namely at 670 cm -1 , when they are 
known to occur usually at lower frequencies. 

<w H. Gerdino and H. Houtqraaf, Rec. 74,5 (1955); J. K. Wilmshurst and H. J. Bernstein, 
J. Chem. Phys. 27, 661 (1957). 
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Furthermore we would expect ring vibrations to follow the same frequency 
pattern as other known ring molecules like cyclohexane or benzene. The comparison 
with their assignment indicates that the 670 cm' 1 band fits a nng frequency much 
better than the 365 cm '< band, which falls considerably outside the possible frequency 

range. 

E" species 

The three depolarized and rather strong lines at 162, 173 and 210 cm"t have 
been ascribed by Daasch to this species Owing to the fact that the infra-red spectrum 
is not available below 300 cm'', at least, two of them could possibly be assigned 
also to the E' species. However all the higher frequency bands, which definitely 
belong to the E' species, are very strong in infra-red, but extremely weak in Raman 
For this reason Daasch’s assignment seems quite unquestionable. The 210 cm -1 
line has been assigned to the ring out of the plane deformation, while the other two 
at 162 and 173 cm -1 correspond to the rocking and twisting modes at the PC1 2 groups 

As fourth E" fundamental we have chosen the 575 cm -1 line in agreement with 
Daasch’s depolarization measurements This band, although forbidden by the 
selection rules, appears also m the infra-red spectrum of the vapour as an extremely 
weak band at 584 cm' 1 . Its appearance in the vapour spectrum is explained as due 
to Coriolis coupling with the strong E' band at 533 era -1 This hypothesis is sub¬ 
stantiated by the fact that the band disappears in solution where the molecular rota¬ 
tions are hindered. From Jahn’s rule one can deduce that the 575 cm' 1 band belongs 
to the E" species, and therefore corresponds to the asymmetrical PC1 2 stretching mode. 
This frequency agrees very nicely with the value of 594 cm' 1 found for the asym¬ 
metrical stretching vibration of PClj 

E' species 

The assignment of the £' vibrations is rather more difficult. The first complication 
arises from the fact that they are all strong in the infra-red spectrum, but very weak 
in Raman. Owing to their weakness in the Raman spectrum, two modes, which, being 
PC1 2 deformations, occur at frequencies below 250 cm" 1 , cannot be identified. 

The second difficulty is due to the possibility of a confusion with A 2 vibrations, 
which are also strong m infra-red and, although forbidden in the Raman spectrum, 
could give rise to weak Raman lines in the spectrum of the liquid, where the selection 
rules no longer hold strictly 

Nevertheless three E' bands are easily recognized in the medium intensity band 
at 340 cm -1 and in the two very strong bands at 533 and 1226 cm -1 . The first two 
are clearly Raman depolarized while the third corresponds to a very weak Raman line. 

On the basis of the assignment given for the A\ species, there is no difficulty in 
assigning the 336 cm ~ 1 band to the out of phase symmetrical PCI 2 stretching vibration 
The 1226 cm~i band clearly corresponds to the ring stretching mode while the one 
at 533 cm -1 , can be the in plane ring deformation. 

The assignment of the second ring stretching mode is quite a puzzle. In the infra¬ 
red spectrum a very strong band occurs at 619 cm -1 , with a very weak counterpart 
in the Raman spectrum, which has been assigned by Daasch to an E' vibration. The 
value of 619 enf' 1 seems however too low for a ring stretching mode. Owing to the 
fact that the other ring stretching mode occurs at 1226 cm~ 1 , one would predict a 
frequency not lower than about 800 cm~i. 
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A lthoug h if< presence in the Raman spectrum is an argument in favour of the 
ass ignment to the £' species, it should be taken into account that Raman forbidden 
lines can appear as weak lines in the spectrum of the liquid, because of the breaking 
of the selection rules due to the molecular interactions. 

The spectrum of the crystal in polarized light is of great help in clarifying this 
point. As will be seen in the next paper of this series, the 619 cm -1 band shows the 
type of polarization corresponding to A 2 vibration and therefore its appartenence 
to the E' species is definitely ruled out. 

If, however, the Raman line at 57S cm" 1 is assigned to the A\ species, as 
Fiequblmont’s polarization measurement would require, then the appearance of the 
610 cm -1 line in the Raman spectrum could be explained in a completely different 
way. We would in fact have an E" vibration missing and therefore the 610 cm -1 
line could easily be assigned to this vibration. 

We then have to look for another band suitable for an £' ring stretching mode. 
A band at 875 cm" 1 of medium intensity, m the solution spectrum was also assigned 
by Daasch <5) to the E' species. The band corresponds to a very weak Raman line 
in the spectrum of Reference (4) and in the crystal spectrum shows the type of 
polarization expected for £' vibrations. On the other hand it is practically absent in 
the vapour spectrum and this latter is certainly a stronger piece of evidence against 
Daasch’s assignment than the first two arguments in its favour. An alternative 
assignment is available, namely the choice of the strong vapour band at 1202 cm' 1 , 
which in the solid spectrum shows also the right type of polarization for an £' vibra¬ 
tion Neither of these two assignments can be taken as conclusive. The second is 
certainly more consistent with the selection rules, but still does not explain the 
intensity of the 875 cm" 1 band in solution. The possibility that this latter could 
correspond to the A 2 ' ring stretching mode seems fairly remote, this vibration being 
inactive for both the D 3h and the C 3v point groups and it would be the only case, in 
all the spectra of (NPCI 2 ) 3 , of an inactive band made active by solvent interaction. 
On the other hand, both bands can be reasonably well explained as combination tones. 
In conclusion we have selected the 1202 cm -1 band as £' ring stretching mode, 
without however claiming any conclusive evidence. 

A 2 " species 

The three vibrations of this species should be active only in the infra-red spectrum. 
Only two of them are expected in the region above 300 cm"t, namely a ring deforma¬ 
tion and a PC1 2 asymmetric stretching vibration. The third one, corresponding to a 
PC1 2 , rocking vibration should occur at much lower frequency. 

The two strong bands at 619 and 552 cm -1 in the spectrum of the vapour have 
been chosen as fundamentals of this species, and assigned respectively to the ring 
bending and to the PC1 2 asymmetric stretching vibration. In the crystal spectrum in 
polarized light both show the right type of polarization. 

Inactive vibration and combinations bands 

The A\" and the two A 2 vibrations are inactive both in the infra-red and in the 
Raman spectrum. 

In the solid state, however, the molecules are located on a C, site symmetry and 
therefore will gain infra-red activity. The possibility of finding them is of course 
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Banted only to one of the A{ modes, which is a ring stretching vibration. The other 
two are PO 2 deformation modes and are expected below 300 cm -1 . 

Although a few weak bands appear in the spectrum of the solid which are absent 
in the vapour spectrum, no conclusive evidence for a band identifiable as the A-^ 
fundamental has been found. 

The majority of the weak bands which appear in the spectrum of the vapour and 
of the solution can be easily explained as combinations of the fundamentals already 
identified. There are however a few of them that defeat any plausible assignment in 
this way and call for a more detailed discussion 

The most critical are those at 312 and 1368 cm' 1 , which require for explanation 
a fundamental to occur at 150 cm -1 - The symmetry species of this fundamental is 
not unequivocally determined, both the F and the species being possible. The 
assignment of the overtone and combination bands is given in Table 4. 


Table 4.—Assignment or overtones and combination bands 


v obs 

Assignment 

v calc. 

312 

(150)+ 162 (F) 

312 (F) 

636 

100 04,0 +533 (£') 

633 (El 

700 

162 (F) +173 (£’) +365 (A,’) 

700 (£0 

707 

533 (£') +173 (F) 

706 (F) 

823 

210(F) +619 (A 2 ") 

829 (F) 

848 

575 (F) +173 (F) +100 04,0 

848 (El 

940 

365 (/!,') + 575 (F) 

940(F) 

997 

100 04,')+365 (Ei 1 +533 (E') 

998 (£0 

1074 

162 (E") +336 (El +575 (F) 

1073 (F) 

1094 

2x552 

1104 (-4,0 

1125 

785 04,0 + 340 (El 

1125(F) 

1150 

2x575 (F) 

1150 (£0 

1266 

336 (£0 +150 (£0 +785 000 

1271 (F) 

1298 

7 

? 

1368 

1218(F) + 150(F) 

1368 (F) 

1758 

1226(F) +533 (F) 

1759 (£0 

1888 

1226(F) +670 (Ail 

1896 (F) 

1975 

575 (F) +619 04/)+ 785 (A,') 

1979 (£1 

1998 

1226(F) +785 040) 

2011 (F) 

2068 

533 (F) +670 04,0 + 875 (F) 

2078 (£0 
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VIBRATIONAL SPECTRA OF PHOSPHONITRILIC 

HALIDES—II 

THE CRYSTAL SPECTRA OF (NPC1 2 )3 in polarizer light 

I 

S. Califano and A. Ripamontj 
I stituto di Chimica dell’University di Napoli, 

Via Mezzocannone, 4, Napoli, Italia 

(Received 19 July 1961; in revised form 20 November 1961) 

In the preceding paper by one of us,* 1 ) the infra-red spectra of (NPC1 2 )3 in different 
states of agregation have been discussed. 

The assignment of many of the observed bands to the proper symmetry species 
was however not unambiguous, due to the unresolved rotational shape of the vapour 
phase bands. In addition to this, the solid phase spectrum shows some interesting 
features which point out the existence of appreciable crystal field effects. In order to 
investigate these effects and to furnish more definitive evidence for the vibrational 
assignment, the crystal spectra in polarized light have been studied. Some of the 
results obtained have been already anticipated in the first paper of this series and 
will be discussed in detail. 


EXPERIMENTAL 

The phosphomtrilic chloride trimer used, was kindly supplied by the Albright and 
Wilson Co. and was purified by several crystallizations from benzene. 

The spectrograph used was a Perkin Elmer double beam spectrograph Model 13 C 
equipped with NaCl, KBr and KRS-5 optics. 

The spectra were obtained both on KBr pellets and on polycrystalline orientated samples. 
These polycrystalline orientated films were prepared allowing a thin layer of molten substance 
to crystallize between two alkali halide windows. Following the experimental technique 
described by Greinacher and Mecke ,* 21 full orientation of the crystallites was achieved. 

To determine the orientation of the crystal axes in the film, an X-ray precession diagram 
was run on a sample obtained in this way. The X-ray photograph showed that the crystallo¬ 
graphic ( ac ) plane was orientated parallel to the window’s surfaces. 

The spectra in polarized light were then measured with the electric vector of the incident 
light parallel to the axes a and c, using standard Perkin-Elmer AgCl polarizers. X-ray 
powder photograph of mechanical mixtures and of mixed crystals of (NPCDs and 
(NPBr 2 >j were recorded by means of a Debye-Scherrer camera of radius 57'3 mm. 

SELECTION RULES AND BAND POLARIZATION 

Trimeric phosphonitrilic chloride (NPC1 2 )3 crystallizes in the orthorombic 
system, space group Pnma—Dy,, with four molecules in the unit cell.* 31 Each molecule 
is located on a C, site symmetry. A general view of the unit cell is shown in Fig. 1. 

<1) S. Califano, J . Inorg. Nucl. Chem. 24, (1962). 

I2) R. Mecke and E. Greinacher, Z. Ekktrochem. 61, 530 (1957). 

J) A. Wilson and D. F. Carroll, Chem. & Ind. 1558 (1958); E. Cipoljlini, F. Pompa and 
A Ripamonti, Ric. Sci. 28, 2055 (1958). 
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It ha* been recently shown by means of a tridimensional X-ray analysis that the 
(NPC1 2 ) 3 molecules are slightly non-pIanar <4 > and possess a C 3v symmetry in the 
crystalline state. The infra-red spectrum of the vapour and the Raman spectrum of 
the liquid are however consistent only with a Du, symmetry corresponding to the 
planar structure. 



Although this discrepancy could be due to the fact that the molecule is actually 
planar in the gaseous state and in solution but slightly distorted from the planarity 
in the crystal, it is more likely that, the distortion being extremely small, the difference 
is not enough to invalidate the selection rules for the higher D ih symmetry. 

As a matter of fact the crystal spectra can also be completely accounted for on 
the basis of the Dy, symmetry. It is true that some of the bands inactive for the 
Dy, symmetry appear in the crystal spectrum but their appearance can be easily 
explained as due to the crystalline field. Actually all bands inactive for the D} h 
point group and active for the C 3v point group become infra-red active for the C s 
symmetry which is the site symmetry of the molecules in the unit cell. These new 
crystal bands are all very weak, as one would expect from the fact that their intensity 
is due only to the dipole moment variation induced from the crystal field. 

The selection rules for the solid spectra as well as the number and the symmetry 
of the vibrations which originate from the coupling between the four molecules m 
the unit cell are collected in Table 1. This coupling gives rise to four crystal modes 
for each normal mode of the isolated molecule. These conclusions are reached from 
the correlation diagram of Table 1, between the irreducible representations of the 
Dih molecular group, those of the C, site group and those of the Di h factor group. 

<«> F. Pompa and A. Ripamonti, Ric. Sci. 29, 1516(1959); E. Giglio, Ric. Sc,. 30, 721 (I960). 
« S. Halford,/. Chem.Phys. 14,8 (1946); D. F. Hornig,/, Chem.Phys. 16,1063 (1948); 
H. Winston and R. S. Halford, J. Chem. Pkys. 17,607 (1949); T. H. Walnut, /. Chtm. 
Phys. 20, 58 (1952). 
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This la tter is isomorphous with the 3$ space group and has the same table of 

characters. 1 

Tabu 1 —Selection rules for the crystal of (NPCIi) 3 


Da 

Factor group 


C. 

Site group 


Dih 

Molecular group 


A, (17) to P 
B u (17) to dp 
Bm (17) M. ia 
Ba (17) Me ia 
(13) Aa dp 
By, (13) to dp 
Au (13) to to 
B) U (13) Mb ia 




t 



Ai (4) to p 
Ai" (3) M z ia 
E' (6) M x , M y dp 
E" (4) to dp 
Ai' (2) to to 

Ai * (1) ia ia 


Not all the four crystal modes corresponding to a single normal mode of the 
free molecule, will be active in infra-red. Vibration of A\ and A 2 " species give rise 
in the crystal to two infra-red active modes for which the dipole moment vibrates 
along the crystallographic axes a and c respectively, while A 2 " and A 2 vibrations give 
nse to only one infra-red active mode with dipole moment variation along the 
b crystal axis 

For degenerate vibrations a further complication is due to the site group splitting 
of the degeneracy, so that for each degenerate mode of the free molecule, we will 
have two non-generate modes in the crystal. 

The first of these vibrations will have a factor group splitting like the vibrations 
of A\ and A 2 " species, while the second one will behave like A 2 and A{’ vibrations. 
In conclusion each normal mode of E' and E" species will split into three infra-red 
active modes with dipole moment variations along the three crystal axes. 

The pseudo molecular plane (see Fig. 1) makes an angle of 67° with the crystallo¬ 
graphic axis a. In the orienated gas model approximation, the square of the com¬ 
ponents on the crystal axes a, b and c of unit vectors oriented along the molecular 
axes x, y and z, summed on all molecules in the unit cell, will be proportional to the 
absorption intensity along the crystal axes for each vibrational band. Of course 
these considerations only apply to molecular vibrations associated with an intrinsic 
dipole variation, namely to vibrations of E' and A 2 " species. However, the effect of 
the crystalline field being quite appreciable, the induced dipole moment will contribute 
largely to the absorption intensity. This predominant factor, as well as the known 
experimental difficulties will spoil the quantitative agreement between the experimental 
and the calculated dichroic ratios. Nevertheless it is still possible to use the prediction 
of the orientated gas model as a qualitative basis for the interpretation of the polarized 
spectra. As a matter of fact the experimental dichroisms are extremally marked and 
therefore the possibility of misinterpretation is vanishingly small. 

These “orientated gas model” predictions are as follows. A 2 vibrations possess 
an intrinsic dipole variation perpendicular to the ring plane and therefore the absorp¬ 
tion intensity along the a crystal axis (see Fig. 1) should be greater than along the 
c crystal axis, with a dichroic ratio of sin 2 67/cos 2 67 = 4-6. E' vibrations have 
intrinsic dipole variation in the molecular plane and therefore the dichroic ratio 
relative to the crystal axis a and c will be reversed. 
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DISCUSSION OF THE POLARIZED SPECTRA 

The infra-red spectrum of (NPC1 2 )3 in polarized light, between 1600 and 400 
cm" 1 is shown in Fig. 2. The solid line represents the spectrum obtained with the 
electric vector of the light orientated parallel to the c crystal axis, while the dotted 
line corresponds to the orentation of the light vector parallel to the a axis. The 
observed peak frequencies are collected in Table 2. The type of polarization is referred 
to the a crystal axis and is indicated by means of the symbols (||) parallel and (1) 
perpendicular. 



Fig. 2.—Infra-red spectrum in polarized light of (NPC1 2 ) 3 . Solid line: electric 
vector orientated parallel to the c crystal axis. Dotted line: electric vector orientated 
parallel to the a crystal axis. 


As St ^f d before ’ vibrations a 2 species give nse to bands which are of the 
(H) type. The two strong bands at 613 and 542 cm"i have this type of polarization 
and therefore their assignment to the vibrations v 5 and is confirmed. 

The band at about 600 cm"i shows an appreciable factor group splitting, being 
resolved into two components which peaks at 613 and 600 cm~K In the parallel 
type spectrum the band is extremly intense and broad while in the perpendicular 
lTS^able 6 3 Cm_I practically disa PPears and only the 600 cm~i component 

that . this 11 spIitt j n8 is due t0 the coupling of the vibration o 5 of the four 
ecules in the unit cell, has been obtained by means of the mixed-crystal technique.^ 

1156 tnmer ? c P bos P hon itnlic bromide (NPBr 2 ) 3 , which is isomorphous 

solution of hA ld hi iS f mp e u e y transparent in this ^on. Therefore a diluted solid 
S?chloride in a bromide matrix (molecular ratio about 1:8) was examined 
in the 600 cm 1 region, in KBr pellet. 

W G ‘ L ‘ HmsRT and D. F. Horsio, J, Chem. Phys. 20, 918 (1952). 
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The formation of mixed crystals in this ratio was proved by means of their 
X-ray powder photographs. The X-ray diagram of crystals prepared by evaporation 
of a benzene solution of the components shows the occurrence of single Debye- 
Scherrer lines, where the X-ray diagram of the mechanical mixture shows the presence 
of doublets which in turn correspond to the spectra of the single compounds. 


Table 2. —Infra-red spectra in polarized lioht of (NPQi)j 



Polarization 

Assignment 

Species 

526 vs 


L 

vn in pi. ring deformation 

E' 

542 s 



v 6 PC1 2 as. stretching 

AS 

575 vw 



Vi? PC1 2 as. stretching*(.) 

E; 

603 vs \ 
613 vs J 

j 

1 

- 

v 5 out of pi. ring deformat. 

AS 

670 w 

700 vw 

1 


v 2 in pi. ring deformat.*(.) 

AS 

785 w 

823 vw 
848 vw 

J 

I 

L 

Vi ring stretching 

A,' 

860 w 

± 



875 m 

1 



991 vw 
1037 vw 





1094 vw 

1 



1125 w 

1 



1150 w 

1 



1198 vj 

1 

vi 2 ring stretching ? 

E' 

1208 vs 

1 

Vi i ring stretching 

E' 

1251 vr 

1 

1 



1310 m 




1368 m 

-L 



1758 w 

1 



1880 w 

1 



1975 w 

1 



1998 m 

1 



2075 w 

1 




* For alternative assignment see Reference (1). 

Although the ratio used is not so large as to ensure that each molecules of chloride 
is surrounded only by bromide molecules, the dilution of the chloride-chloride 
contacts was found to be enough to assume an average distribution of isolated 
chloride molecules. 

The vibrational frequencies of the bromide being different from these of the 
chloride, the coupling of the molecular vibrations of the molecules in the unit cell 
disappears. The spectrum of Fig. 3 illustrates this effect. The spectrum of pure 
(NPC1 2 ) 3 (solid line) shows the presence of the 613-600 cm” 1 doublet, which disappears 
in the spectrum of the mixed-crystals (dotted line) and is replaced by a single band 
at 609 cm -1 . 

The factor group splitting of the 542 cm _ i band has not been observed, due to 
the strong overlap with the nearest (1) band at 526 cm -1 . 
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Vibrations of E’ species give nse to bands of the (±) type. The bands at 1208, 
1198 and 526 cm"' clearly belong to this species. The infra-red band at 875 cm-l 
has also a (1) type of polarization, like E' vibrations. However, being absent in the 
vapour spectrum its choice as E' fundamental cannot be accepted without a serious 
straining of the selection rules, and for this reason the 1198 cm'i band has been 
prefered as E' ring stretching mode. The 1208-1198 cm -1 doublet has a complex 
behaviour in the solid spectrum. With light polarized parallel to the c-axis, both 
bands are very strong and give a characteristic doublet pattern. 



640 620 600 580 

cm' 1 

Fra. 3 —The v 3 band of (NPC1 2 ) 3 at about 600 cm-'. The solid line shows the 
speettum of pure (NPCI 2 ) 3 while the dotted line shows the spectrum of a solid 
solution of (NPC1 2 ) } in (NPBr 2 ) 3 . 

With light polarized parallel to the a axis, both bands practically disappear and 
a new, much narrower band appears at 1251 cm'i. The hypothesis that this band 
corresponds to the (||) component of the 1208 cm -1 fundamental cannot be proved 
directly the mixed crystal spectrum being of no help due to the strong absorption of 
(NPBr 2 )3 in this region. 

It should however be noted that a similar splitting has also been observed in 
the crystal spectrum in polarized light of (NPBr 2 ) 3 .< 7 > 

< 7 > S. Caufano. To be published. 
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i t , 

Anotbea* convenient explanation of the presence of the 1251 cm -1 band is the 
assignment to a combination band of the 1208 cm -1 fundamental with a lattice 
vibration. It is well known that combination bands of fundamental modes with 
lattice vibration, can display strong infra-red activity even if the molecular modes 
are themselves inactive. 

In the absence of definitive evidence in favour of one of these two explanations 
we prefer to assume the second is correct, simply because a splitting factor of about 
43 cm -1 seems too large if compared to the splitting of 13 cm -1 observed for the 

fundamental at 613 cm -1 . 

The five bands at 1208, 1198 (or 875), 610, 542 and 526 cm -1 are the only infra¬ 
red active fundamentals which appear above 400 cm -1 . In addition to these, some of 
the modes inactive in the case of the vapour spectrum (D ih symmetry) gain infra-red 
activity in the crystal spectrum. The orientated gas model gives no prediction on the 
type of polarization of such vibrations, because they are not associated with an 
intrinsic dipole variation. 

The direction of vibration of the dipole moment induced from the crystalline 
held can even be different for vibrations of the same symmetry species, and a general 
theory able to predict these directions has not yet been achieved. 

It is however at least surprising to observe that the two bands at 785 and 670 cm" 1 
assigned by Daasch to the A{ species show different types of polarization in the 
infra-red spectrum of the crystal. The one at 785 cm -1 has the (±) type of polariza¬ 
tion, while the band at 670 cm -1 has the (H) type of polarization. This situation is 
even more puzzling if the results of the Raman depolarization measurements are 
considered. We have already discussed*'* the discrepancy between the two Raman 
spectra of (NPCl 2)3 existing in the literature.* 8 * The fact that the Raman polarization 
measurements are in disagreement just in the case of the 785 cm -1 band which has 
a type of polarization in the infra-red inconsistent with that of the 670 cm" 1 band, 
assigned to the same symmetry species, needs to be taken into consideration. For 
the reasons discussed before the infra-red polarization measurements are not decisive 
in this case and only a new Raman spectrum can definitely settle the question. 

,8 ' A. Fiequelmont, M Magat and L. Ochs, C.R. Acad. Set., Paris 208, 1900 (1939); 

L. W. Daasch,/. Amer. Chem. Soc. 76, 3403 (1954). 
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OBSERVATIONS ON THE RARE EARTHS—LXXV«> 

THE STABILITIES OF DIETHYLENETRIAMINEPENTAACETIC ACID 

CHELATES 

' 

T. Moeller and L. C. Thompson* 

Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 

(. Received 22 September 1961) 

Abstract— The interaction between diethylenetriaminepentaacetic acid (HjDTPA or H 5 Z) 
and rare-earth metal 10 ns (Ln 3+ ) has been investigated. The acid formation constants of 
the hydrogen chelates (LnHZ-) and the formation constants of the normal chelates (LnZ 2 ) 
have been obtained at 10, 20 and 30° C, and an ionic strength of 01(KNOj), the former by 
a titration technique and the latter by a mercury indicator electrode technique. The data 
have been treated by a least-squares method for evaluation of A H° and A S°. Although 
errors in these functions are substantial, the functions have been related to observed trends 
in stability. The dissociation constants for the last three protons of diethylenetriaminepenta- 
acetic acid have been measured as a function of temperature at ionic strength 01(KNOj) 
and converted to thermodynamic functions by least squares analysis. These functions 
have been compared with corresponding values for related chelating agents. 

On the basis of many well established instances of ionic bonding in rare-earth metal 
compounds, it has been quite generally concluded that the stabilities of complexes 
denved from the tripositive cations of these metals should increase with decreasing 
cation radius or increasing atomic number. An examination of stability constant 
data for a number of complexing agents* 1-12 ) quite generally bears out this expecta¬ 
tion but reveals that in all instances there is a larger discontinuity at gadolinium than 
the corresponding discontinuity in radii* 131 would suggest and that with some reagents 
stabilities fail to increase regularly or even at all for ions higher than gadolinium in 
the series. 

No complete explanation for these variations has been offered.* 1 - 121 Recently, 
however, the “gadolinium break” for chelates with ethylenediaminetetraacetic acid 

* Present address University of Minnesota-Duluth, Duluth, Minnesota. 
u) For the preceding paper in this series, see T. Moeller and R. Ferrus, Inorg. Chem. 1, 
49 (1962). 

,2) E. J. Wheelwright, F. H. Spedding and G. Schwarzenbach, /. Amer. Chem. Soc. 75, 
4196 (1953). 

131 G. Schwarzenbach, R. Gut and G. Anderegg, Helv. Chim. Acta, 37, 937 (1954), 

(4) G. Schwarzenbach and R. Gut, Helv. Chim. Acta, 39, 1589 (1956). 

(5) F. H Spedding, J. E. Powell and E. J. Wheelwright, J. Amer. Chem. Soc. 78,34 (1956), 

(6) R. Harder and S. Chaberek, J. Inorg. Nucl. Chem. 11, 197 (1959). 

(7) M. A. Hiller, Doctoral dissertation, Iowa State University (1959). 

(8) A. Sonesson, Acta Chem. Scand. 12, 165, 1937 (1958); 13, 998, 1437 (1959); 14, 1495 
(1960); 15, 1 (1961). 

(9) B. F. Freasier, A. G. Oberg and W. W. Wendlandt, J. Phys. Chem. 62, 700 (1958). 
uo> I. Grenthe and W. C. Fernelius, J. Amer. Chem. Soc. 82, 6258 (1960). 

! u) L Grenthe, /. Amer. Chem. Soc. 83, 360 (1961). 

<12) T. Moeller and R. FerriIs, J. Inorg. Nucl. Chem. 20, 261 (1961). 

(13) D. H. Templeton and C. H. Dauben, J. Amer. Chem. Soc. 76, 5237 (1954). 
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(H 4 EDTA) has been ascribed to a change in the number of co-ordinating positions 
occupied by the ligand on the basis of the observation that the partial molal entropy 
of the ions, Ln(EDTA)-, has one constant value from lanthanum through europium 
and another, but different, constant value from terbium through lutetium.<n> It has 
been of interest to test this conclusion by evaluating and comparing partial molal 
entropy data for other structurally related chelating agents, particularly those that 
form complexes of varying stability in the terbium to lutetium region. Results 
reported for N-hydroxyethylethylenediaminetriacetic acidic) and nitrilotriacetic 
acid<» support a gradual loosening of a bond with a resulting significant configura¬ 
tional entropy contribution rather than a sudden change in number of positions 
occupied. The present extension of this approach to diethylenetriaminepentaacetic 
acid* 6 * is in agreement with this point of view. 

The formation constants of a number of Ln(DTPA ) 2 complexes have been 
determined using the tren exchange method.* 6 * We have minimized the difficulties 
in this method* 2 - 15 > by utilizing the mercury indicator electrode approach developed 
by Schwarzenbach and Anderegg.* 16 * As an essential to evaluation of formation 
constants by this procedure, dissociation constants for the last three acidic protons 
of diethylenetriaminepentaacetic acid were determined as a function of temperature. 
Thermodynamic functions were then evaluated from these data. 

EXPERIMENTAL 

Materials Yttrium and rare-earth metal oxides (except cerium) of 99 + -99-9 + per cent 
purity were kindly supplied by the Lindsay Chemical Division of the American Potash and 
Chemical Co. Certum(lII) nitrate 6 -hydrate was obtained from the G. F. Smith Chemical 
Co. Diethylenetriaminepentaacetic acid from Geigy Industrial Chemicals was recrystallized 
twice from water to a product analysing to 99 6 per cent purity by potentiometric titration 
with potassium hydroxide m the presence of a slight excess of copper(II) chloride Hydro¬ 
chloric acid and carbonate-free potassium hydroxide solutions, prepared from Acculate 
standards, were titrated potentiometrically against sodium carbonate and potassium hydrogen 
phthalate, respectively. Mercury was purified by the nitric acid-mercury(I) nitrate-air 
oxidation procedure.* 17 * All other chemicals were of analytical reagent grade. Freshly- 
boiled distilled water was used at all times. 

Solutions. An approximately 10 -3 M solution of diethylenetriaminepentaacetic acid 
was prepared by direct weighing and standardized by potentiometric titration with carbonate- 
free potassium hydroxide in the presence of copper(II) chloride and then again in the presence 
jdf neodymium chloride. Solutions of mercury(Il) and rare-earth metal nitrates were obtained 
by dissolving weighed quantities of the oxides in slight excesses of standard nitric acid. The 
mercury(II) nitrate solution was standardized against standard potassium thiocyanate, using 
iron(III) as indicator.* 18 * The rare-earth metal nitrate solutions were titrated complexo- 
metncally, using Eriochrome Black T.< 19 * Cenum(III) nitrate solution was prepared by 
dissolving the solid in water, adding 100-volume hydrogen peroxide and boiling. Standardiza- 
.tion was then effected complexometrically. All solutions were ca. 5 x 10 ~ 3 M in metal ion 

<>«> R. H. Betts and O. F. Dahlinqer, Canad. J. Chem. 37, 91 (1959). 

<u* G. Andereoo, P. Nageli, F. MOller and G Schwarzenbach, Helv. Chim. Acta, 42, 
827 (1959). 

U4) G. Schwarzenbach and G. Anderegg, Helv. Chim. Acta, 40, 1773 (1957). 

(I7 > F- Daniels, J. H. Mathews, J. W. Williams, P. Bender and R. A. Alberty, Experimental 
Physical Chemistry, p. 467. McGraw-Hill, New York (1956). 

* 14 * I. M. Kolthoff and E. B. Sandell, Textbook of Quantitative Inorganic Analysis (3rd 
Ed.), p. 546. Macmillan, New York (1957). 

* 19 * G. Schwarzenbach, Complexometric Titrations (Translated by H. Irving), p. 73. 
Interscience, New York (1957). 
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and iQ'i M in excess nitric acid. Solutions of the mercury(U) andrare-earthmetal ion 
(except cerium) Chelates were obtained by dissolving weighed quantities of the oxides and 
diethytea ctria minc pentaacetic acid in known excess quantities of nitric acid. The ceriumfQl) 
chelate solution was obtained by adding the requisite amount of the chelating acid to the 
ceriumdQ) nitr ate solution. All such solutions were ca. 5 x I0 _2 M in the chelated species 
and 3 x 10 _2 M in total hydrogen ion concentration. 

Apparatus . All pH measurements were made with a Beckman Model G pH Meter, 
using a saturated calomel reference electrode and an all-purpose glass electrode. Titrations 
were carried out in a 200 ml Berzelius beaker equipped with a rubber stopper containing 
holes for electrodes, a microburette, and gas-inlet and -outlet tubes. Temperature was 
controlled to ±0-03° C with a Sargent Model S-84805 bath. For measurements at 10° C, 
cooling water was first circulated through a coil in an ice-water bath. Potentials were 
measured with a Rubicon potentiometer and galvanometer. The cell used was a large tube 
fitted with a platinum wire sealed in the bottom and an appropriate side-arm for electrical 
contact. Glass and saturated calomel electrodes were inserted at the top through a rubber 
stopper. The calomel electrode was surrounded by a glass tube equipped at the bottom with 
a glass frit covered with a thin layer of agar gel containing O'1000 M potassium nitrate. 
This tube was filled with 0 1000 M potassium nitrate 

Procedure. The stoicheiometry of the reaction between a rare-earth metal ion and the 
chelating agent was determined by potentiometric titration of mixtures of reactants in 
various ratios, using 0 1 M carbonate-free potassium hydroxide. Ionic strength was main¬ 
tained at 0 1 by addition of 1 000 M potassium nitrate. 

The acid dissociation constants of diethylenetriaminepentaacetic acid were determined 
by potentiometric titration with carbonate-free hydroxide at constant ionic strength (01 
KNOjJ. During titration, the solution was stirred with nitrogen that had been presaturated 
with vapour from a potassium nitrate solution of ionic strength 01 at the same temperature. 
Acid formation constants for metal-hydrogen chelates were determined in the same way. 
All pH readings from the meter, standardized agamst NBS-scale buffers, were converted to 
hydrogen ion concentrations by using the difference between the pH reading of a 10“* M 
hydrochloric arid solution (p = 0 1 KNOj) and the known stoicheiometnc quantity of 
hydrogen ion. It was assumed that this correction is valid over the entire pH range. 

Stability constants for the rare-earth metal-DTPA chelates were determined by an 
adaptation of the mercury indicator electrode procedure of Schwarzenbach and 
Andereog. (16) For each measurement, known volumes of standard solutions of the 
mercury(II)— and rare-earth metal-DTPA chelate and of the rare-earth metal nitrate, a 
sufficient volume of 1 000 M potassium nitrate to make the ionic strength 01, and a small 
drop of mercury were placed in a stoppered 300 ml flask and shaken mechanically for 2 hr 
for equilibration of the mercury species. The mixture was then transferred to the cell, 
sufficient mercury was added to cover the platinum contact, the cell was placed in the 
thermostat, and presaturated nitrogen was bubbled through the solution. After thermal 
equilibrium had been established, the electrodes were inserted, and the potential of the 
mercury electrode and the pH were determined. 

CALCULATIONS AND RESULTS 

Titration curves. Data for the titration of diethylenetriaminepentaacetic acid 
and its mixtures with neodymium ion, as summarized in Fig. 1, are typical of those 
obtained for all the rare-earth metal systems. Such curves indicate clearly the forma¬ 
tion of a one-to-one chelate of considerable stability and the presence of protonated 
species (LnHZ - ) but give no indication of the presence of species containing more 
than one metal ion per chelating anion. This interpretation is in agreement with the 
observations of Harder and Chaberek. <6) 

Stabilities of protonated chelates. Add formation constants for these chelates 
(LnHZ- and HgHZ 2- ) were obtained from data between four and five moles of base 
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added per mole of the add (= a) in the titration of 1:1 mixtures of the metal ion and 
diethylenetriaminepentaacetic add. In this region, the important equilibrium is: 

LnHZ-?==!tLnZ2-+H + (I) 

The values listed in Table 1 were obtained using equations previously developed.*!** 



0 2 4 6 8 10 

S 


Fro. 1.—Titration curves for diethylenetriaminepentaacetic acid and certain of 
its mixtures with neodymium chloride. 


Inasmuch as all these chelates are strong acids, the values obtained are only ap¬ 
proximate. Since the values for the rare-earth metal complexes are virtually inde¬ 
pendent of temperature, only those at 20°C are included. Values for the meredry (II) 
complex show greater temperature dependence. 

Dissociation constants for HjDTPA. Values for the dissociation constants of 
the free acid, as calculated by the method of Ryskiewich,* 201 are summarized for 
various temperatures in Table 2. For these calculations, necessary hydroxyl ion 
concentrations were obtained from measured p e H values in terms of the expression.* 211 


K t w = 


yH + yOH- 
8 H 2 0 


^h+ Mqh- 


0) 


A value of 0*60 was used for the activity coefficient function.* 22 * 


D. P. Ryskiewich. Doctoral dissertation, New York University (1956). 

<J1) H. S. Harned and B. B. Owen, The Physical Chemistry of Electrolytic Solutions (2nd 
Ed.), p. 482. Reinhold, New York (1950). 

1111 H. S. Harned and B. B. Owen, The Physical Chemistry of Electrolytic Solutions (2nd 
Ed.), p. 578. Reinhold, New York (1950). 
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Tabu 1.—Acid formation constants for Hg(li)~ and Ln(III)-DTPA chsiatu 

H - 0*1, KNOj 


log Ah 

M«+ MHZ 



10 ° c 

20° C 

Hg 2+ 

414 

f 

410 

La 3 + 


2-60 

Prs+ 


2-38 

Nd 3+ 


2-39 

Sm 3 + 


2-20 

Eu 3 + 


215 

Gd 3+ 


2-39 

Tb 3+ 


214 

Dy 3+ 


219 

Ho 3+ 


2 25 

Er 3+ 


200 

Tm 3 + 


1 -90 

Yb 3+ 


2-30 

Lu 3+ 


218 

Y 3 + 


1-91 


Table 2.—Dissociation constants for diethylenetriaminepentaacetic acid 

fi = 0-1 (KNOj) 



10° C 

20° C 

30° C 

40° C 

P A, 

— 

1-80 

— 

— 

pKi 

— 

2 55 

— 

— 

P k 3 

4 39 

4-33 

4-30 

4-27 

pK t 

8-72 

8 60 

8-46 

8-37 

pK s 

1063 

10-58 

10-34 

10 23 


It is significant that the dissociation constants of diethylenetriaminepentaacetic 
acid obtained (Table 2) agree closely with those previously reported. (23-27) 

Values of the third, fourth and fifth dissociation constants for the acid were 
fitted by a least squares analysis to the relationship • 

Atfi° 

pK — —— -^constant ( 2 ) 

‘ 2-303 R T v 

where subscript i refers to a particular dissociation step. Values of A H,° obtained 
were combined with A F t ° to yield A S,° for each step. These thermodynamic functions 
are summarized in Table 3, where the ± values represent the 95 per cent confidence 
intervals. 

1231 E. J. Durham and D. P. Ryskiewich, J. Amer. Chem. Soc. 80, 4812 (1958). 

<24) G. Anderegg, P. Nageli, F. MOller and G. Schwarzenbach, Helv. Chim. Acta 42, 
827 (1959). 

(2!l E. Wanninen, Acta Chem. Fern. 28 B, 146 (1955). 

(26) H. Kroll, G. Pinching and F. Butler, Abstr. 122 nd American Chemical Society Meeting, 
P. 6 . Atlantic City, N.J., Sept. 14-19, 1952. 

(27 > A. E. Frost, Nature ( Load .), 178, 322 (1956). 
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Stability constants of chelates. The mercury electrode was standardized by 
measuring its potential in solutions of known mercury(II) concentration and varying 
nitric acid concentration, but always at ionic strength (01 KNOj). Inasmuch as 


T a ble 3 .— Thermodynamic functions for the dissociation of dlbthylenetriamine- 

PENTAACETIC ACID, ETHYLENEDIAMINETETRAACETIC ACID,®) AND 

diethylenetriamine (den) I30) 


Dissociation 

step 

A F° 

(kcal/mole) 

A H° 

(kcaVmole) 

A S° 

(e.u./mole) 


(°C) 

h 5 dtpa 






3rd 

5-88+0-03 

1-49 ±0-70 

—14-7±2-2 

0-1 

23 

4th 

11-64+003 

4 86 ±0 70 

—22 7 ±2-4 

(KNOj) 


5th 

14 23 ±0 02 

5-44+0-42 

—29-5 ±1-4 



H.EDTA 






3rd 

8-26 

4-39 

—13 2 

0-1 

20 

4th 

13 76 

5-69 

—27 5 

(KC1) 


den 






1st 

5 

7-6 

+ 8 

0-1 

25 

2nd 

11 

12 2 

+ 1 

(KC1) 


3rd 

13 

111 

—8 




these solutions were shaken with mercury, reduction of the bulk of the mercury(II) 
to mercury(I) occurred, and mercury (II) concentrations had to be evaluated from 
the onstant (A^) for the equilibrium:™) 

Hg 2+ +Hg(l) Hg2 2+ (II) 

and the expression: 


(1 +^eq) [Hg 2+ ] = [Hg 2+ ], (3) 

where [Hg 2+ ], is the total quantity of mercury(II) added initially. The cell employed 
can be represented as* 

Hg 2 Cl 2 , Hg: KCI(sat.) 0-lMKNO 3 Equilibrium solution: Hg or glass electrode 
1 1 n = O-l(KNOj) 

E i E i 

The potential of this cell is given by: 

•^cell = calomel W 

and that of the mercury electrode by: 


r a ro_ 2'303/?r log [Hg2+] 

^H* Hg ->c- 


(5) 


* The Latimer convention is employed in the cell designation for the mercury electrode 
For consistency, the reverse designation should be used for the cell for pH measurement. 

m> G. Schwarzenbach and G. Anderegg, Helv. Chim. Acta 37, 1289 (1954). 

U9> M. J. L. TilLotson and L. A. K. Staveley, J. Chem. Soc. 3613 (1958). 

<J0i G - H. McIntyre, Jr., B. P. Block and W. C. Fbrneuus, J. Amer. Chem. Soc. 81, 
529 (1959). 
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Values of Esg so determined contain the two junction potentials, Ej and £ } . b 
from the pH meter were again converted to p f H-values by use of correction factors. 

In solutions obtained by mixing the species HgZ 3- , LnZ 2- , and Ln 3+ , the 
equilibrium: 

HgZ 3- +Ln 3+ 5 =s: Hg 2+ +LaZ 2 ~ (III) 

is est ablish ed. For a specific determination, this equilibrium was’ evaluated by 
duplicate runs for each of four separate samples in which [HgZ 3- ] varied from 
5xl(H to 2xlO -4 M, [LnZ 2- ] varied from lx 10“ 2 to l-2xlO -3 M. [Ln 3+ ] 
remained constant at 2x 10 -4 M, and p e H varied from 3 to 3-5. Somewhat wider 
concentration ranges were investigated for lanthanum and praseodymium without 
significant alteration in results. Cerium(III) solutions were studied only at 20°C 
because of their ease of oxidation. The conditions outlined avoided the difficulties 
inherent in this procedure,< 16) namely precipitation of mercury (I and II) with the 
species HgZ 3- if equilibrium III is displaced too far to the right and precipitation of 
mercury(II) oxide if p c H is too high. A further complication, however, could result 
from formation of mixed chelates of the type HgLnZ. However, it has been shown®** 
that the ion HgZ 3- has little tendency to form such mixed species. Furthermore, 
titration of a mixture of HgHZ 2- and Ln 3+ with potassium hydroxide gave an upper 
limit of 10 3 for the formation of such complexes. A value of this magnitude would 
have no effect on the subsequent calculations. 

The equilibrium constant for reaction III • 

[Hg 2 +] [LnZ 2- ] = (6) 

m [Ln 3+ ] [HgZ 3- ] LnZ HgZ 

can be calculated from p c H, the experimentally determined concentration of Hg 2+ 
ion, the initial concentrations of Ln 3+ , HgZ 3- and LnZ 2- ions, and the stoicheio- 
metric equations. 

[HgDTPA], = [HgZ]+[HgHZ] = [HgZ] (1 +[H]* h ) (7) 

HgHZ 

[LnDTPA], = [LnZ]+[LnHZ] = [LnZ] (1 +[H]A h ) (8) 

LnHZ 

[Ln], = [Ln] (9) 

where ionic charges are omitted for simplicity and subscript t refers to total con¬ 
centration of the species initially added. Since ^Hg can be evaluated from p,.H and 

HgZ 

[Hg 2+ ] in solutions of HgZ 3- and HjDTPA (equation 7), and the relationship 

[HjDTPA] = [Z]{l+[H]10 pKs +[H] 2 10 pKs+pK4 +[H] 3 10 , ’ K5+pK4+pK, +-} (10) 

the value of can be used to obtain K^, 

LnZ 

In total, twelve values for log K Ht were obtained at each temperature (10, 20, 

HgZ 

30“C), and eight values for log at each temperature for each rare-earth metal 

LnZ i i 
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ion axccpt ccrium(III). The experimental results are given in Table 4. These constants 
were fitted to the relationship : 

log K u H° 

MZ “ 2-303 RT + ( J D 

by least squares analysis. Data resulting from this analysis and application of the 
following relationship are given in Table 5: 


„ == log K m -flog K Ht 

(12) 

Z HgZ 

; = -2-303 RT log K m 

(13) 

MZ 

LnZ _ 

(14) 

_ A/T^-AF^ 

(15) 


LnZ = 


The ± variations represent 95 per cent confidence intervals. Values for log at 
25°C are given graphically m Fig. 2. LnZ 


Table 4.—Experimental values of loo Kn t and —log Km 

Hg 

__ n » 0 1 KN0 3 _ 


M" + 

10 00°C 

log AT 
19-90° C 

29-90° C 

Hg 1+ 

27-11 

26-59 

25-99 

La 3+ 

7-432 

7 003 

6-600 

Pr 3+ 

5 791 

5-363 

5-035 

Nd 3+ 

5-303 

4 875 

4-479 

Sm 3 + 

4-506 

4 133 

3-801 

Eu 3+ 

4-427 

4 042 

3 719 

Gd 3 + 

4-386 

3-966 

3 648 

Tb 3+ 

4138 

3-702 

3-409 

Dy 3+ 

4 010 

3-595 

3-297 

Ho 3 + 

4-075 

3-643 

3-339 

Er 1+ 

4117 

3-703 

3-369 

Tm 3+ 

4-208 

3 727 

3-367 

Yb 3+ 

4-300 

3-844 

3-461 

Lu 3+ 

4-530 

4-016 

3-646 

Y 3 + 

4-899 

4-376 

4 042 


DISCUSSION 

it Previously cited agreement between the measured acid dissociation constants of 
diethylenetnaminepentaacetic acid and those previously reported supports the 
accuracy of the experimental approach. The location of the protons in molecules of 
this substance has been discussed previously.124) Values of the thermodynamic 
functions associated with pK 3 , p K 4 and pK% can be compared with profit with 
corresponding values for diethylenetriamine (Table 3). The usual observations that 
/ for the polyamine is. larger than for the corresponding amine polycarboxylic 
acid and that the reverse is true for AS/ 5 ') are also apparent in this case. 

<«> N. E. Ockerbloom and A. E, Martell, J. Amer. Chem. Soc. 78,267 (1956). 



Table 5.—Formation constants and values of the thermodynamic functions for 
Ln-DTPA and Hg(II>DTPA chelates at 25° C 
H = 01 KNOs 
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It is also of interest to compare the thermodynamic functions associated with 
pK 4 and pK s of HjDTPA with the corresponding values for p K 3 and p£j for H 4 EDTa 
(T able 3). On the basis of a calorimetric investigation of the steps in the dissociation 
of H4EDTA, Tillotson and Staveley< w > suggested that the structure of the 
H 2 EDTA 2_ ion m aqueous solution is: 

-OOCCH 2v , /CH 2 COO-'. 

NCH->CH 2 N ,/H + 

z I I 

-oocch 2 h ch 2 coo- 

rather than the more commonly accepted completely zwitter-ion arrangement 
-OCCH 2 - + ch 2 coo- 

X NCH 2 CH 2 N / 

/ I 1\ 

'OCCH 2 h h ch 2 coo- 

and that the second structure becomes increasingly important for acids of this type 
as the number of methylene groups between the two nitrogen atoms increases. This 
corresponds to an observed increase m magnitude of pA 3 .< 32 ' That pK 4 for H 5 DTPA 
is larger than p/f 3 suggests that the second type of structure is important for the ion 
H 2 DTPA 3- . The smaller differences in A H° and AS 0 for pK 4 and pAf 5 for H 5 DTPA 
over those for pK 3 and pK 4 for H4EDTA then are the result of close similarity between 
the dissociation steps for H 5 DTPA 



F 10 . 2 . Variation in log for DTPA chelates with 
LnZ 

atomic number at 25° C and fi =01 (KNOj). 

(W G ‘ Schwarzenba ch and H. Ackermann, Helv. Chim. Acta, 31, 1029 (1948). 
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Values for the add formation constants of the chelates LnHZ~ (Table 1) are 
somewhat larger than the pA value of 2-8 reported by Harder and Chaberbk<® 
for the lanthanum and ytterbium species. However, since all these materials are 
reasonably strong acids, the agreement is satisfactory. For the mercury chelate, the 
value log A Hi = 26-59 (20°C: fi = 0-1 KNOj) agrees quite well with the reported 
value of 26-70 (20°C: fi = 0-1, NaN0 3 ).<w> 

Although, for the reasons previously outlined, values obtained f6r log Ajj, are 

Lnz 

believed to be more accurate than those previously reported,< 6> they are of the same 
general order of magnitude. It has been suggested that the particularly large stabilities 
of the chelates indicated by these values may be due to the ability of the rare-earth 
metal ions to be 8-co-ordinate.< 24 > However, these data do not permit proof or 
disproof of this postulate. It is of interest though that a correlation between log 
K Ln for the light rare-earth metal chelates with ethylenediaminetetraacetic add, 
Lnz 

N-hydroxyethylenediaminetriacetic acid, and diethylenetriaminepentaacetic acid and 
the sum the last three or last two or the average of the last two pK values for the 
chelating groups exists (Fig. 3). Since the curves obtained all deviate only slightly 
from straight lines, it is reasonable to conclude that each chelating agent forms the 



Fro. 3.—Correlation of stability constants of certain rare-earth metal chelates 
with summation of dissociation constants for last three protons of the ligand. 
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g ame n um ber of rings. This is consistent with earlier observations that linear rela¬ 
tionships between pAj values and stability constants result for ligands that give the 
same number of rings. * JJ) 

Variations in stability with atomic number and the position of yttrium are 
essentially those reported by Harder and Chaberek.* 61 It was at first believed that 
thermodynamic data, following the approach of Betts and D ah linger,* 141 would 
permit a choice among possible explanations for the somewhat unexpected order 
of stability (Fig. 2) among the chelates of the heavier cations. It was found, however, 
that errors associated with A H° Lta and AS° LnZ are too large to make quantitative 
comparisons possible. Although the 95 per cent confidence limits associated with 
A and Aff°jn (Table 5) are of the order of 5-15 per cent of the values themselves, 
such limits climb to 20-40 per cent when hH° UlZ is determined. Values of AS° LnZ then 
have 95 per cent confidence limits of ±7 e.u. and cannot be used to detect small 
differences between adjacent rare-earth metal ions * 

Some general observations are possible, however. Values obtained for A//° LnZ 
are larger than those found for the EDTA—* 341 and HEDTA— (12) chelates. This 
is to be expected since Care and Staveley* 331 have found that the A H° values for 
EDTA-chelates are largely determined by the co-ordination between the nitrogen 
atoms and the metal ion. Inasmuch as the DTPA grouping contains one more 
nitrogen donor than either the EDTA or HEDTA, larger changes m enthalpy should 
characterize the formation of its chelates 

For the rare-earth metal chelates, &H r tnZ remains nearly constant through 
dysprosium and then drops consistently from holmium through lutetium. If the 
bonding is essentially ionic in these compounds and the same number of atoms is 
co-ordinated, a reasonably regular increase in A/7° LnZ with decrease in crystal radius 
(or increase in nuclear charge) might be expected. However, in no series of rare- 
earth metal chelates thus far investigated has this trend been found.* 1 ' '2. 341 Rather, 
a reasonable constancy or slight increase in -A//° t „ 7 appears to characterize the 
lanthanum-through-europium region, with subsequent decreases for species derived 
from the heavier elements. Similarly, measures of S° LnZ vary widely for complexes 
derived from the lighter elements but increase substantially for those of the heavier 
elements.* 1 - 121 If the number of donor atoms utilized by the metal ion does indeed 
change at gadolinium, as has been suggested for the EDTA chelates,< 2 - 14 > differences 
in these functions between the first and second half of the series might be expected. 
Within the limits of experimental error, therefore, it seems reasonable to conclude 
that the data for the DTPA complexes further support the assumption that both 
translational and configurational contributions to stability are important* 121 and that 
the latter becomes increasingly important as cation size decreases and the bond 
holding a chelating group is thereby progressively weakened. 

Acknowledgement —Grateful appreciation is expressed both to the Graduate College of the 
University of Illinois and to the United States Rubber Company for fellowship support 
given to the junior author. 

* It should be noted, however, that for internal comparisons the part of the error 
associated with the formation constant of the mercury chelate is constant throughout the 
series and the relative errors would be somewhat less than cited above. 

(3 ’' A. E. Martjll and M. Calvin, Chemistry of the Metal Chelate Compounds, p. 156. 

Prentice-Hall, Englewood Cliffs, N J. (1952). 

1341 L. A. K. Staveley (Private communication). 

< 35> R. A, Care and L. A. K. Staveley, J. Chem. Soc. 4571 (1956). 
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the stability CONSTANTS OF SEVERAL COPPER(H) 
COMPLEXES WITH AROMATIC CARBOXYLIC ACIDS 
AND THEIR CORRELATION WITH THE HAMfMETT 

RELATIONSHIP 

W. R. May and M. M. Jones 

Department of Chemistry, Vanderbilt University, Nashville, Tennessee 

(.Received 16 October 1961; in revised form 31 October 1961) 

Abstract —The first and second stability constants of seventeen copperCTI) complexes with 
aromatic carboxylic acids have been determined at 25° m a 50 per cent by volume water/ 
dioxane solvent with four of these systems being extended to 30 and 35°. The corresponding 
thermodynamic values have been calculated. The first stability constants have been fitted 
to the Hammett equation using a values obtained from the dissociation constants of the 
parent acids m this solvent. 

An inverse relationship is found which can be attributed to either of two possible causes. 
The first is the formation of strong 7t-bonds by back-donation of electrons from the 
copper(II) to the ligand. The second possible cause is the fortuitous cancellation of a direct 
relationship by some inverse relationship involving the polymerization of the carboxylic 
acid. In this second case both processes would be governed by a Hammett type relationship 
but would be dependent upon variations in the a constants in an opposite manner. 

While a large number of correlations between acid or base strength of ligand and 
stability constants of metal complexes have been reported, no attempt has previously 
been made to relate such correlations directly with the large body of data on organic 
compounds which is correlated with the Hammett equation. This paper presents 
such an attempt, using as ligands some of those aromatic carboxylic acids whose 
ionization constants have already been correlated with structural parameters with 
this equation. If the factors governing the interaction of the carboxylate anions with 
the hydrogen ion are similar to, or identical with, the factors governing the interaction 
of the carboxylate anions with the Cu(II) ion, then the instability constants of the 
complexes of the substituted anions should be related to that for benzoic acid through 
an equation of the type: 



= op. 


Here k and k Q are the instability constants of the complexes with the substituted and 
unsubstituted acids, respectively, it should be a constant characteristic of the sub¬ 
stituent group (very near to the value it assumes in the similar equation relating the 
ionization constants) and p will be a constant characteristic of the reaction (especially 
of the metal ion). 

That such a correlation is a reasonable expectation may be seen from such 
correlations’of base or acid strength and stability constants as have appeared in the 
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literature to date/ 1 ' 7 * There have also been several reports in which such a direct 
and simple correlation have definitely not been found / 8,91 Perhaps the most closely 
related study which failed to reveal a direct correlation between proton attracting 
ability and complex stability is that reported for a series of complexes of anthranilic 
acid and its derivatives with divalent cobalt, nickel, copper, zinc and cadmium/"** 
The complexes of cadmium with aromatic sulphonates were also found not to give 
a correlation/ 11 * 

It is fairly well established that the exchange of ligand species leads to a very 
small enthalpy change if the atom forming the donor group is of the same type in 
both species/ 12 * In the present work, a direct test of the Hammett type relation for 
copper complexes of aromatic carboxylic acids, a complexation reaction was examined 
which involved the replacement of one type of co-ordinated oxygen by another. This 
means the testing of such a correlation in an oxygen donor solvent may require the 
use of data on reactions in which the net enthalpy change is either very small or zero * 

EXPERIMENTAL 

The experimental procedure used was based upon the method of Calvin and Wilson" 5 * 
and the corrections to it suggested by van Uitert and Haas (16 * The titrations were carried 
out using a Beckmann Model GS pH meter or a Radiometer PHM-4 pH meter with a 
Radiometer combination electrode GK 202 A-G. The solutions were placed in a jacketed 
beaker through whose jacket was circulated water from a constant temperature bath 
regulated to within ±0 02°C Stirring of the solution was accomplished by a magnetic 
stirrer. The pH meters were standardized prior to each run with a phthalate buffer solution 
(pH 4 01). 

A solvent of 50 per cent by volume water/dioxane was employed The dioxane was 
commercial reagent (Mathieson, Coleman and Bell) or C. P. (Fisher) and was redistilled 
before use. The fraction with b p. 100-101° C was used in preparing the solutions. 

* Those correlations involving Hammett substituent constants or their equivalent which 
have been previously reported are of the type in which a donor atom of the solvent is 
replaced by a different donor atom of the ligand. Reference (4) and Armeanu and Luca/ 13 * 
The data given by these authors for mono substituted aniline complexes of Ag(I) reveals 
a Hammett type relation between the substituent constants and the stability constants In 
this system, co-ordinated oxygen is replaced by co-ordinated nitrogen/ 14 * 

•*> A. E. Martell and M. Calvin, The Chemistry of the Metal Chelate Compounds , p. 151- 
160. Prentice-Hall, New York (1952). 

<2> S. Chaberek and A. E. Martell, Organic Sequestering Agents, p. 130-133. J. Wiley. 
New York (1959). 

(3* W. W. Brandt and D. K. Gullstrom, J. Amer. Chem. Soc. 74, 3532 (1952). 

(4) V. Klemencic and I. Fiupovic, Croat. Chim. Acta 30, 99 (1958); Chem. Abstr. 54,1127 f 
(s* J. O. Edwards, /. Amer. Chem. Soc. 76, 1541 (1954). 

<«> H. Kido, W. C. Fernelius and C. G Haas, Jr., Analyt. Chim. Acta 23,116 (1960). 

< 7 * L. Sacconi and G. Lombardo, J. Amer. Chem. Soc. 82, 6266 (1960). 

<»* W. F. Harris and T. R. Sweet, J. Phys. Chem. 60, 509 (1956). 

«> J. R. Joy and M. Orchfn, J. Amer. Chem. Soc. 81, 310 (1959). 

< 1() i A. Young and T. R. Sweet, J. Amer. Chem Soc. 80, 800 (1958). 
m) J* F, Tate and M. M. Jones, J. Amer. Chem. Soc. 83, 3024 (1961). 
ll2) J. M. Holloway. Thesis, University of North Carolina (1959). 

" 3) L. Armeanu and C. Luca, Z . Phys. Chem. 214, 81 (1960). 

' 14 > P. Elus, R. Hogg and R. G. Wilkins, J. Chem. Soc. 3308 (1959). 

1151 M. Calvin and K. Wilson, J. Amer. Chem. Soc. 67, 2003 (1945). 

tw L. G. VAN Uitert and C. G. Haas, Jr., /. Amer. Chem. Soc. 75, 451 (1953). 
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* * 

The aromatic carboxylic adds used were selected to give a large range of a constants. 
They were obtained front Eastman Organic Chemicals, Aldrich Chemical Co, and tits 
Vanderbilt University Chemistry Department. Each was purified by vacuum sublimation 
before use. The following melting points were obtained: benzoic acid, 122°; m-fluorobenzoic 
acid, 125°; m-chlorobenzoic acid, 152°; m-bromobenzoic acid, 154°; m-iodobenzoic add, 
183°; p-fluorobenzoic acid, 182-3°; p-chlorobenzoic acid, 239-41°; p-bromobenzoic add, 
249°; p-iodobenzoic acid, 269-70°; p-/-butylbenzoic acid, 152-154°; p-hydroifybenzoic add, 
213 - 4 °; m-hydroxy benzoic acid, 199-200°; m-nitrobenzoic acid, 141°; p*nitrobenzoic add, 
238 - 9 °;p-toluic acid, 178°; andp-anisic acid, 180-1°. 

The copperfH) was added as Cu(ClC> 4 ) 2-6 H 2 0 which was obtained from the G. F. Smith 
Chemical Co. The utrations were carried out using standard sodium hydroxide solution 
with a concentration in the neighbourhood of 1 M. 

The solutions were prepared for titration m the following way. Enough aromatic 
carboxylic add was weighed out to make 100 mi of solution about 0 01 M. Then 50 ml of 
distilled dioxane was added and the acid dissolved. Next, 50 ml of a previously prepared 
0-002-0-003 M solution of Cu(C 10 4 )2 was added which yielded a solution 0-001-0-0015 M 
in Cu(II). Then 0-25 ml of 11 -68 M HCIO4 was added to lower the initial pH to about 1 - 6 . 
The solutions were found to become cloudy with a precipitate at pH above 5-5 and no values 
in this range or higher were used m the calculations. The solution was then placed in the 
jacketed beaker and titrated with the 1 M NaOH. The sodium hydroxide was added in 
0-05 ml increments from a calibrated buret obtained from the Coming Glassware Co., 
Coming, New York. 


Table 1. 


Ligand 

(acid) 

pA:« 

log*, 

log Ki 

. K ' 
- log *7„ 

a 

—A F 
(kcal / 
mol) 

AH 

(kcal/ 

mol) 

AS 

(cal/ 

Determinations at 25° 

1 Benzoic 

5 79 

3 91 

3 65 

0 

0 

5-33 

0-0 

17-9 

2. m-F-benzoic 

5-40 

4 14 

3-78 

-0-23 

0 39 

5-65 



3. m-Cl „ 

5-48 

4 08 

3 76 

-0 17 

0-31 

5 56 

10 9 

55-2 

4 m-Br „ 

5 32 

4 11 

3 85 

-0 20 

0 47 

5 60 

21-4 

90-6 

5 m-1 „ 

5-40 

4 15 

3 81 

-0 24 

0 39 

5 66 

24 4 

100-9 

6 P- F .. 

5 42 

4 15 

3 81 

-0-24 

0-37 

5-66 



7. p-Cl „ 

5 19 

4 20 

3 90 

-0 29 

0 60 

5 73 



8 p-Br „ 

5 59 

4 00 

3 70 

-0 09 

0-20 

5 45 



9 P-1 

5 28 

4-23 

3 90 

-0-32 

0 51 

5 77 



10. p-f-butyl 

5-63 

4 11 

3 78 

-0-20 

0-16 

5-60 



11. m-t- „ 

5-67 

4-00 

3-65 

-0-09 

0-12 

5-45 



12 p-OH „ 

6 03 

3 78 

3 48 

+ 0 13 

-0-24 

5 15 



13 m-OH „ 

5-85 

3 88 

3 57 

+ 0 03 

-0 06 

5-09 



14 m-mtro „ 

4-92 

4-40 

4-11 

-0 49 

0 87 

600 



15 p-nitro „ 

4 78 

4 43 

4 11 

-0 52 

1 01 

604 



16. p-toluic„ 

6-12 

3 78 

3-48 

+ 0 13 

-0-33 

5-15 



17. p-anisic „ 

612 

3 71 

3 42 

+ 0 20 

-0 33 

5-06 




Determinations at 30° 


18. Benzoic 

5-73 

4-04 

3-74 

0 

0 

5 51 

0-0 

18-2 

19 m-G-benzoic 

5-33 

3-88 

3-52 

-0 22 

0-40 

5-29 

10-9 

53-4 

20 . m-Br 

5-16 

3-72 

3-46 

-0 44 

0 57 

5 07 

21-4 

87-4 

21 . m-I 

5-43 

3 88 

3-54 

-0 22 

0 30 

5-29 

24-4 

98-0 

Determinations at 35° 

22. Benzoic 

5-80 

3-92 

3 61 

0 

0 

5-35 

0-0 

17-4 

23. m-G-benzoic 

5-57 

3-82 

3 52 

-0-14 

0 23 

5-21 

10-9 

52-3 

24 m-Br 

5-51 

3-60 

3-30 

-0-44 

0 29 

4-91 

21 -4 

85-4 

25. m-I „ 

5-54 

3-54 

3-15 

-0-52 

0-26 

4-83 

24-4 

94.9 
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No apparent difficulties were encountered in obtaining reproducible, steady values ot 
pH. However, the electrode did require “conditioning” in the water/dioxane solution for 
about 15 min after removal from the aqueous buffer before the readings became stead) 
The pH meter responded instantly when the sodium hydroxide was added and the pH 
reading could be taken after each addition. This pH value was found to remain constant 
with time on the numerous occasions when this constancy was tested. 

The stability constants were determined at 25° for each system and also at 30 and 35 
for a few of them. Several of the systems were examined for reproducibility and average 
values are reported in these cases. The spread in these cases was of the order of OT log unit 
in the stability constant. The values at 25, 30 and 35° were used to estimate the enthalpy 
changes in the complexation reaction. 

The dissociation constants of the substituted benzoic acids in the water/dioxane mixture 
are required for the calculation of the stability constants. These were obtained by the 
titration of known amounts of the acids with standard sodium hydroxide solution, using 
the pH meter to determine the pH after each addition of base. From these titration curves 
the dissociation constants were obtained by use of the relation pK — pH at the half-titrated 
point. Each of the dissociation constants listed in Table 1 is the average of two or more 
such determinations. 

CALCULATIONS 


Expressions were needed for «, the average number of ligands bound to the central 
metal ion and [A], the concentration of the free ligand species in solution. 
n may be expressed as: 


. C a —[A] r bb 

n - es —■— 

C m C m 


where C„ is the total concentration of ligand (the benzoate anion in this case) and C m is the total 
concentration of metal ion (the copper(Il) ion in this case). :T bb is the total bound benzoate 
A form of this equation which can be applied to the experimental data may be obtained by 
solving for T bb and [A] in the following conservation equations. The total aromatic acid 
present is given by : T Ha = [HA] +[ A -] + [CuA+] + 2[Cu A 2 ] + 3[CuA 3 ~] + 4[CuA 4 2 i, the total 
copper present by Tc = [Cu 2 + ]+[CuA + ]+[CuA 2 ] + [CuA 3 -]+[CuA 4 2 -], the total bound 
benzoate by T bb = [CuA + ] +2[CuAJ + 3[CuA 3 ~] -f 4[CuA 4 2 ~], the electrical neutrality con¬ 
dition by [CuA + ] + 2[Cu 2 + ]+[Na + ]+[H + ] - [C10 4 -] +2[CuA 4 z-]+[OH-]+[A-], and the 


dissociation of the aromatic acid by ki 
pressions are obtained 


[H+][A-]. 

[HA] 


From these relations, the following ex- 


n = ^'{[Na + ] + [H+]-[P-]-[OH-]- [ ^i([P-]-[Na+]~[H+] + [OH-]+7’HA)} 

t A] = ^ ( [ p -]-[ N a + ]-[ H+ ] + [ OH -]r+HA) 

where [P~J is the concentration of the C10 4 - ion contributed by the HC10 4 only. 

A preliminary set of stability constants was obtained from a plot of h vs. pA and 
selecting the pA values at n - i, ], 3 , and 3 as approximate values of Ki, K 2 , K 2 and Kt. 
However, a consideration of the validity of such a method m the present case showed such 
values to be rather poor approximations. Following BjerrumI 1 ?) the spreading factor x, 
defined as JC 1 /.K 2 = Ax' 1 , was calculated and found to be quite small. Since under these 
conditions, this commonly used method for determining the stability constants is invalid, 
the alternative method of Poulsen et al (1S) was used. This is a graphical method which 
introduces no special assumptions and is perfectly adequate for treating data where the 
successive constants do not differ greatly in magnitude. The resultant ft and [A] values 
were then used with the graphical method to obtain K\ and K 2 . 

(17) J. Bjerrum. Thesis, p. 24 ff. Haase, Copenhagen (1957). 

(w K. G. Poulsen, J. Bjerrum and J. Poulsen, Acta Chem. Scand. 8, 921 (1954). 



The liability constants of several copper(II) complexes—the Hammett relationship 51S 

A typical set of data, to demonstrate how the constants were obtained, is one of the 
titra tions used in determining an average value for Ki and Ki for the Cu(H><benzoate 
c o n ^lex at 25®. Inspection of the relationship for ft and [A] reveals that only a small portion- -■ 
of the curve will yield reasonable results. These are just before the sodium ion concentration 
becomes to large an impossible h is computed. The following concentrations of species 
were present in the solution: 0 009966 M benzoic acid, 0-01153 M Cu(C10<) 2 , 0 02921 mole 
of HGO4 added and a 50 per cent by volume water/dioxane solvent with a total volume of 
100-25 ml. It was then titrated with 1-008 M NaOH. The following delta, was obtained: 

(F - jj/IAJ) 


NaOH 

(ml) 

pH 

[A] 

ii 

F 

2-9 

3 354 

3-40x10-5 

0-295 

8-68x105 

3-0 

3-792 

8-69x10-5 

0-859 

9-88 x 10 3 

3-1 

4-077 

1-48 x 10 -4 

1-613 

1 -09 x 10 4 

3-2 

4-345 

2-41 x 10~ 4 

2-377 

9-86 x 10 3 

3-3 

4-492 

2-91 x 10 -4 

3 190 

1-I0xl0 4 

3-4 

4-637 

3-38 x 10-* 

4101 

1 -20 x 10 4 


From an extrapolation of the plot of F vs. [A] to [A] = O and an analysis of the slope, the 
following constants were obtained: K\ — 9-2 x 10 3 and Kz = 5-0 x 10 3 . 


RESULTS AND DISCUSSION 

The stability constants, related thermodynamic constants, and dissociation 
constants of the parent acids are presented in Table 1. The stability constants are 
in most cases the average of two or more runs, in which a reproducibility of about 
±0-1 log units was found. The graphical method of Poulsen et al. involves the 
extrapolation of the curve of F vs [A] which yields Ky at [A] = O. Then, K 2 is 
obtained from the slope of the curve, or slope = Ky{2K z —K{). If the slope is small, 

will approach one-half of Ky, which is statistically the expected result. Most of 
the lines used had a small negative slope which resulted in a K z slightly less than 
i Ky. The value for the stability constant of benzoic acid and copper(II) is con¬ 
siderably higher than that found by Yamasaki and Ohtaki (19) in water. However, 
different solvents and ionic strength, among other conditions, may be expected to 
account for this difference. 

The principal objective of this work was to test the application of a correlation 
used with compounds of organic nature to related inorganic compounds. This was 
done with the Hammett equation. An initial attempt was made using a values from 
the compilation of Jaffe.< 20 > This was found to give a fair fit. However, it may be 
recalled that these values were obtained from a great variety of data and have, in 
some cases, a rather large probability spread. In addition, the dissociation constants 
of the acids in the water/dioxane solvent were found to give only a fair plot using 
these a values. A new set of a values was set up using the dissociation constants of 
the parent acids as a basis. The plot of —iogA' 1 /A' lo vs. the new a values is seen in 
Fig. 1 which gives an excellent fit within ±0-1 log units. 

(,9) K. Yamasaki and H. Ohtaki, Bull. Chem. Soc. Japan 33,1067 (1960). 

<J0) H. H. Jaffe, Chem. Rev. 53, 191 (1953). 
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There are two possible explanations for the correlation obtained here. The first 
is based upon the fact that there are copper(II) complexes known which contain 
weak a bonds and strong n bonds, the latter arising from the back donation of 
electrons from the metal to the ligand The curve has a negative slope which 
indicates that an electron withdrawing group such as the nitro group, instead of 
pulling an electron away from the proton as it does in the parent acid (resulting m 
a weaker bond and a larger dissociation constant) pulls electrons from the Cu(U) 
ion, and increases back donation and the stability of the complex.* In a similar 
fashion, a group such as the hydroxy group, which is expected to release electrons 
and increase the bond stability between the acid anion and the proton, will decrease 
the back donation between the anion and the Cu(ll) ion resulting in a less stable 
complex. 

The reaction constant p, or the slope of the Hammett plot, is a measure of the 
susceptibility of the reaction to the influence of the substituents on the parent acid 
These influences are of three general types. 

(1) the transmission of electrical effects to the reaction site, (2) the effect the 
electron density at the reaction site has on the reactions, and (3) the effect of 
other conditions (temperature, solvent, etc.) influencing the reaction.* 20 ' 

The important factor effecting p in this case is the electron density at the reaction site 
A negative p indicates the reaction is favoured by a high electron density.* 23 * The 
p value for the plot in Fig. 1 was found to be -0-58. This indicates the reaction is 
favoured by a high electron density at the reaction site which is to be expected if 
back donation from the Cu(II) ion is taking place. 



* A similar situation was found with the pyridine complexes of Ag(I) in which electron 
attracting groups on the pyridine ring were found to pull electrons from the Ag(I) ion mto 
the ring (when resonance conditions permitted) and increase the stability of the complex.* 221 

(2!) B. R. McGarvey, J. Phys. Chem. 60, 71 (1956). 

* 22) R. K. Murmann and F. Basolo, J. Amer. Chem. Soc. 77, 3484 (1955). 

< 23 > A. E. Remick, Electronic Interpretations of Organic Chemistry (2nd Ed.), p. 47. J. Wiley, 
New York (1949). 
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An alternative possibility is that the observed correlation is the result of the 
fortuitous cancellation of two concurrent processes, both of which are governed by 
a Hammett-type relationship. If the carboxylic acid is present in some sort of 
polymerized form it is possible that the breakdown of the polymers is favoured by the 
presence of electron withdrawing groups in the benzene ring. If this is so, then there 
will be a more favourable situation for the formation of complexes of the more 
extensively dissociated species. This could lead to an effect which could completely 
overshadow a correlation of the more normal sort. The fact that Fig. 1 presents a 
reasonably good fit would seem good evidence that both such processes are correlated 
by the Hammett equation, though possibly with different signs for p. An explanation 
of this sort seems less likely than the first in view of the recent work of Carson and 
Rossotti, <24) * but cannot be completely dismissed. 

Acknowledgement —This work has been supported by a grant from the National Science 
Foundation (G-9919) for which we wish to express our gratitude. 

* These workers found that such polymerization equilibria would result in slight errors in 
literature values for stability constants of monocarboxylate-metal ion complexes in water. 

(’ 4 * J. D. E. Carson and F. J C Rossom, Advances in the Chemistry of the Co-ordination 

Compounds (Edited by S. Kirschner), p 180. Macmillan, New York (1961) 
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TERNARY COMPOUNDS BETWEEN THORIUM 
MONOCARBIDE AND THORIUM DIHYDRIDE* 
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Abstract—The thorium-hydrogen-carbon system was studied by measuring hydrogen 
equilibrium pressures at various compositions and temperatures. Two compounds, 
ThC-ThH 2 and ThC-2ThH2, were found and characterized. ThC TI 1 H 2 has a hexagonal 
closest-packed lattice with a a = 3 816 A and c a = 6-302 A. ThC-2ThH2 has a monoclinic 
lattice with a D - 6-50 A, b 0 = 3 80 A, c 0 — 10-91 A and /? == 119° The enthalpies of 
formation for each compound were determined. 

An investigation of the solid solubility of thorium dihydride in thorium by Peterson 
and Westlake * 1 ) indicated that this solubility was increased by carbon dissolved in 
the thorium. The thorium-hydrogen-carbon system was investigated to determine 
whether this apparent increase in solubility was due to an interaction between carbon 
and hydrogen in solution which decreased the activity of hydrogen or whether it 
was due to the formation of a compound containing carbon and hydrogen. Measure¬ 
ment of the equilibnum-hydrogen pressure over thorium specimens containing 
varying amounts of carbon as a function of hydrogen concentration was chosen as 
the experimental method because it would clearly distinguish between these two 
cases and would give valuable thermodynamic data. 

EXPERIMENTAL METHODS AND MATERIALS 

Materials The thorium specimens were prepared from calcium-reduced thorium 
identical to that used by Peterson and Westlake <». This metal was arc melted with 
spectrographic graphite to obtain the desired carbon content. The specimens, cut from the 
arc-melted buttons, were cylinders about 6 mm in diameter and 15 mm long which weighed 
~ 5 g. The carbon content of the specimens was determined by the combustion method. 
Pure hydrogen was obtained by thermal decomposition of uranium hydride as described 
by Spedding et al. a> 

Apparatus The apparatus is shown in Fig. 1 The furnace tube was 8 mm inside 
diameter and extended into the stainless steel block in the centre of the furnace. The 
temperature was measured by a thermocouple between the furnace tube and the stainless 
steel block. The temperature for an axial distance of 5 cm within the block was uniform 
within 1° C. The specimen was centred in this region and, consequently, the existence of an 
appreciable thermal gradient in the specimen was unlikely The temperature of the furnace 
was held constant to within 2° C by an autotransformer and a constant voltage transformer. 

* Contribution No. 985. Work was performed in the Ames Laboratory of the U.S. 
Atomic Energy Commission 

(u D. T. Peterson and D. G. Westlake, Trans. Amer. Inst. Min. ( Metals ) Engrs. 215 
444 (1959). 

<2) F. H. Spedding, A. S. Newton, J. C. Wharf, O. Johnson, R. W. Nottorf, I. B. Johns 
and A. H. Daane, Nucleonics 4, 4 (1949) 
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The vol umes of the various portions of the gas system were determined so that the gas 
system could be used to measure the amount of hydrogen added to or taken from the 
specimen. The amount of gas in the furnace tube at constant pressure decreased with 
inc reas ing furnace temperature so an effective volume was determined at several furnace 
temperatures. The amount of hydrogen m the specimen was the difference between the 
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Fro. 1 .—Schematic diagram of the apparatus. 


known total quantity of hydrogen in the system and the amount of hydrogen in the gas 
phase. The mercury manometer could be read to ±0 3 mm and the McLeod gauge, to 
±6 n up to 900 fi. The pressure was measured at a given temperature and composition 
after it had been constant within 3 mm for at least 12 hr. This often required several days 
at the lower temperatures because the attainment of equilibrium required diffusion of carbon 
as well as the diffusion of hydrogen. 


RESULTS 

The pressure-composition isotherms showed that two compounds of thorium, 
hydrogen and carbon were formed which were more stable than thorium dihydnde. 
The equilibrium hydrogen pressures over a sample with a 0-46 atomic ratio of carbon 
to thorium is shown in Fig. 2. As the hydrogen content of the sample was increased 
the hydrogen first went into solid solution in both the metal and carbide phases. 
Formation of the ternary compound started at a fixed pressure at each temperature 
and continued at a constant pressure until the metal or the carbide phase disappeared 
Subsequently, the hydrogen content of the ternary compound increased as the 
hydrogen pressure increased. This compound is not of fixed composition but ap¬ 
parently exists from ThC-ThHi.g to ThCThH 2 .o This variation in hydrogen content 
is quite similar to that observed m thorium dihydride. 

The formation of a second ternary compound is shown in Fig. 3 which is a 
pressure-composition isotherm at 851° for a specimen with a 0-24 carbon to thorium 
ratio. ThC-ThH 2 was formed first as the hydrogen content increased. At a higher 
hydrogen content and pressure, the ThC'ThH 2 reacted with thorium metal and 
hydrogen to form ThC-2ThH 2 . Because there was thorium metal in excess of the 
amount required to combine with all of the carbon, ThH 2 was formed when the 
hydrogen pressure became high enough for this compound to be stable. This specimen 
initially consisted of ThC and thorium metal saturated with ThC and finally consisted 
of ThH 2 and ThC , 2ThH 2 . Consequently, all of the equilibrium phases between ThC 
and ThH 2 should be shown by this isotherm. 
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ATOM RATIO, H/Th 


Fig. 2—Pressure-composition isotherms for a specimen with a 0-46 C/Th ratio. 



ATOM RATIO, M/Th 


Fra. 3.—Pressure-composition isotherm for a specimen with a 0-24 C/Th ratio. 
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Specimens of each compound were prepared by equilibrating a sample having 
the proper carbon to thorium ratio with hydrogen at one atmosphere and 850° C. 
These compounds were quite brittle and —200 mesh powder for X-ray diffraction 
examination was prepared by crushing in a diamond mortar. Powder diffraction 
patterns were taken on a 11-46 cm Debye-Scherrer camera, ThC-ThH 2 was found 
to be hexagonal with a 0 = 3-816 A and c Q --- 6-302 A. The thorium atoms were 
arranged in a hexagonal closest-packed structure but the positions of the carbon 
and hydrogen atoms could not be established by X-ray methods. The compound 
ThC-2ThH2 had a more complex structure Examination of a single crystal showed 
the lattice to be monoclinic with a o = 6-50A, 6 o = 3-80A, c D = 10-91 A and 
P = H9°. The arrangement of the thorium atoms was a slightly distorted hexagonal 
closest-packed array 

The activity of hydrogen in specimens below the solubility limit <3 > of ThC in 
thorium was determined A pressure-composition isotherm at 800° for two carbon 
compositions below the solubility limit are shown in Fig. 4 with the data of Mallet 
and Campbell^ for pure thorium The equilibrium hydrogen pressure over all the 
specimens fell on the same straight line until the hydrogen pressure at which 
ThC-ThH 2 began to form was reached This pressure in the specimen with a 0 060 
carbon-to-thorium ratio was only slightly above the pressure for formation of 
ThC-ThH 2 from ThC and thorium because this specimen was nearly saturated with 



4 — 1 Pressure-composition .sotherms for specimens 
below saturation. 


wjui caroon contents 


oaimciuun. 

‘ 3) R. Mickelson and D. T Peters™ t, a 

l4) M W. Mallet and I. E.' cE£2 ; I « &e e MrtBfc *>’ 340 (1958). 

B£LL ’ J Am ?r. Chem. Soc. 73, 4850(1951). 
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It 

TtoC. The pressure at which ThC ThH 2 began to form in a specimen with a 0*024 
car bon-to-thorium ratio was higher, as would be expected from die law of mass action. 
\s the hydrogen pressure increased further, the hydrogen concentration in solid 
solution in the thorium increased and ThC-ThHj also continued to precipitate. 
At a fixed higher pressure both specimens showed the formation of ThC-2ThH2, 
and finally the formation of TI 1 H 2 appeared at essentially the same pressure as for 
thorium with a very low carbon content. 1 11 , 

A ternary section at 850° C for the Th-ThC-ThH 2 system, shown in Fig. 5, 
has been constructed. The ternary section allows a more accurate estimate of the 
composition ranges of the ternary compounds to be made. The effect of the stability 
ofThC-ThH 2 in limiting the solid solubility of both hydrogen and carbon in thorium 
is quite striking. Due to this restricted solubility, ThOThH 2 is the first phase to 
appear on adding hydrogen to thorium unless the carbon content is extremely low. 
A calculation based on constant activity co-efficients for carbon and hydrogen in 
thorium indicated that at 800° C ThC-ThH 2 would be formed if the carbon content 
were above 40 p.p.m. The ternary section also shows that thorium and hydrogen 
together dissolve to a significant extent in ThC The absorption of hydrogen by pure 
ThC was found to be very small but when thorium metal was present ThC would 
dissolve more than 20 a/o hydrogen. 


Th 



Fig. 5.—Ternary section at 850° of the Th-ThC-ThH 2 system. 

The enthalpy of formation of these compounds was calculated from the variation 
of the equilibrium hydrogen pressure with temperature. The plot of the logarithm 
of the equilibrium pressure against reciprocal temperature is shown in Fig. 6. The 
data were treated by a least squares method to obtain the constants for the linear 
equations. The reactions for the respective equations given below are: 

[Log P (mm Hg) = — b 10-20 and Log P( mm Hg ) = ——-H9-84], 

The reaction for the formation of ThC-ThH 2 is Th ( , ) 4-ThC ( , ) 4-H2 ^ ThC-ThH 2 (,) 
and for ThC-2ThH 2 is Th (a) +ThCThH 2(s) +H 2(l() ^ ThC-2ThH 2 . The enthalpy of 
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formation of ThC-ThH 2 by the reaction given above is -48-4 Scal per mole. The 
enthalpy of formationof ThC-2ThH 2 by the reaction given above is-38-3 kcal per mole. 



1.XI0 4 , T IN *K 

Fig. 6 —Logarithm of equilibrium hydrogen pressure vs. reciprocal temperature. 

DISCUSSION 

The positions of the carbon and hydrogen atoms in the ThC-ThH 2 structure 
have not been determined and, consequently, the bonding m this compound can not 
be deduced from the bond distances and arrangement. However, the bonding in this 
compound is probably quite similar to the bonding in ThC and ThH 2 . The volume 
of ThC-ThH 2 is very nearly equal to the sum of the volumes of the ThC and ThH 2 
that it contains. The volume of one ThC-ThH 2 unit cell is 79-5 A 3 and the sum of 
one fourth of the face-centred-cubic (5) ThC unit cell and one half of the body-centred 
tetragonal* 61 ThH 2 unit cell is 79-3 A 3 . The metallic lustre and relatively high electrical 
conductivity of ThC and ThH 2 are also shown by ThC-ThH 2 . 

The hexagonal closest-packed y-phase reported in the zirconium-hydrogen 
system by Hagg (7) may have been an analogous compound formed by zirconium 
It is interesting that the volume of the unit cell reported for this compound is 52-94 A 3 
and the sum of the volumes of ZrC and ZrH 2 is 52-83 A 3 . The presence of carbon 
in the specimens examined by Hagg is supported by his observation in a sample 
containing 9 a/o hydrogen of a face-centred-cubic phase with a lattice constant of 
4-669 A which is very nearly equal to the lattice constant of ZrC in equilibrium with 
zirconium metal. It appears quite likely that the /S-phase reported by Hagg was 
zirconium carbide and the y-phase was a ternary zirconium-hydrogen-carbon com¬ 
pound rather than non-equilibrium phases formed by zirconium and hydrogen. The 
similarity of the hydrides and carbides of Ti and Hf to those of Zr and Th makes the 
formation of similar compounds with these metals likely. 

< 3 > H. A. Wilhelm and P. Chiotti, Trans. Amer. Soc. Metals 42, 1925 (1950). 

<6> R- £• Rundle, C. G. Shull and E. O. Wollan, Acta Cryst. 5, 22 (1952). 

<7> G. Hagg, Z, Pkys. Chem. Vol. B 11, 433 (1931). 
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THE CHEMICAL NATURE OF SODIUM 
BERYLLATE SOLUTIONS 

D. A. Everest, R. A. Mercer, R. P. Miller and G. L. Milward 
National Chemical Laboratory, Teddington, Middlesex ' 

(Received 30 November 1961) 

Abstract —In sodium beryllate solutions of low Na 2 0/BeO ratios, polymeric beryllate anions 
are present and range from ionic to colloidal dimensions. At high Na20/Be0 ratios simple 
beryllate anions are probably present. Addition of silicon (as Na 2 SiF 6 or Na 2 SiOj) to 
beryllate solutions of low Na 2 0/BeO ratio causes precipitation of the beryllium as an X-ray- 
amorphous phase. Addition of calcium or strontium salts under similar conditions results 
in the precipitation of crystalline complexes which, it is believed, are derived from poly- 
beryllate anions. 

There has long been controversy in the literature on the nature of the species formed 
when amphoteric oxides dissolve in alkali. In general, when the Na20/BeO ratio is 
low, such solutions are unstable, many show colloidal properties and only at relatively 
high Na20/oxide ratios is true ionic solution considered to exist. This has been shown 
for aluminium,* 1 ' zinc,® chromium,® silicon,® tin* 4 ' and scandium.**' In the last 
instance the Tyndall effect was evident until the Na 2 0/Sc 2 0 3 ratio was greater than 
five, showing that particles of colloidal dimensions were present up to this value. 

The existence of catiomc polynuclear beryllium species in the pH range 3-5 
(i.e. prior to precipitation) has been demonstrated by Kakihana and Sillen«-> who 
postulated an dated complex, Be 3 (OH) 3 3+ , i.e. the Be atoms are linked by hydroxyl 
bridges. Thomas* 7 ' has suggested the existence of larger olated complexes in the 
colloidal particles formed prior to precipitation of gelatinous Be(OH) 2 from acidic 
solution and in the hydroxide itself. It is further suggested here that similar 
anionic polynuclear species are formed on dissolution of Be(OH) 2 in alkali and a 
plausible picture of the dissolution can be obtained on the basis of olation. <8-» 
Addition of alkali to the uncharged, gelatinous beryllium hydroxide first displaces the 
water molecules at the end of the olated units to give negatively-charged colloidal 
beryllate particles: at higher alkali concentrations it is postulated that the hydroxyl 
bridges are progressively broken down by the reaction 

<u p - Lanaspeze and C. Eyraud, Bull. Soc. Chim. France 2, 313 (I960): C. Brosset, Acta 
Chem. Scand. 6, 910 (1952). 

® H. B. Weber, The Hydrous Oxides. Chap. 3 and 6. McGraw-Hill, New York (1926). 

,3) W. Ettel, The Physical Chemistry of the Silicates. Univ. Chicago Press (1954). 
j 41 J. S. Johnson and K. A. Kraus, J. Amer. Chem. Soc. 81, 1569 (1959). 

(5) B. N. Ivanov-Emen and E. A. Ostroumov, J. Inorg. Chem. ( U.S.S.R. ), (English transla¬ 
tion), 1,27 (1959); Zh. Neorg. Khlm. 4, 71 (1959). 

6 H. Kakihana and L. G. Sillen, Acta Chem. Scand. 10, 985 (1956). 

” A. W. Thomas and H. S. Miller, J. Amer. Chem. Soc. 58, 2526 (1936). 
f ■ Basalo and R. G. Pearson, Mechanisms of Inorganic Reactions, p. 388. J. Wiley, 
New York (1958). 

9) c ^ ® AILAR > Jr. (Editor), Chemistry of the Co-ordination Compounds, Monograph 
Series No. 131, Chapt. 13. Reinhold, New York (1956). 
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Such a reaction results in the formation of progressively smaller polymers with 
increased charge/beryllium ratios. The eventual limit of this reaction is the formation 
of the mononuclear beryllate ion, [Be(OH) 4 p-, sometimes expressed as Be0 2 2-. 
It appears probable that complete conversion of polynuclear beryllate to the mono¬ 
nuclear species requires high alkali concentrations. For example, BrintzingerOO) 
claims, from the results of diffusion experiments, that even in a solution in which 
the ratio of Na 2 0/BeO was 14:1 the predominant beryllate species contained ten 
beryllium atoms. 

The beryllate system seems, therefore, to resemble other isopolyacid systems in 
that increasing concentration of alkali on the negative side of the isoelectric point 
decreases the degree of polymerization of the system. It must be emphasized that 
although the experimental results recorded here are in accord with the above sugges¬ 
tion that beryllate solutions are an alkali-dependent polymerization system they 
give no information concerning the actual bonding of the beryllate species. 


EXPERIMENTAL 

(a) Tyndall effect. A comparison between the intensities of the Tyndall beam produced 
in beryllate solutions was made by measunng the intensity of light scattered at an angle of 
90° to the incident beam by means of a fluonmetric attachment to a Unicam spectrophoto¬ 
meter. 

The solutions were prepared by precipitating beryllium from sulphate solutions of 
known strength by addition of NaOH to pH 12; the Be(OH )2 was centrifuged before adding 
the amount of NaOH solution appropriate to the desired excess (expressed in terms of the 
NazO/BeO molar ratio). Each solution was centrifuged before readings were taken. 

In the absence of a suitable standard, arbitrary units of light-scattering were employed 
The solution m each series (l e. at each BeO concentration studied) with the most intense 
scatter was taken as the reference solution (100 per cent scatter) for that series and the 
scatter from any other was expressed as a percentage of it. For this reason the results for 
different concentrations of BeO cannot be rigidly compared. 

The scatter from a pure NaOH solution of strength equivalent to the highest NaOH 
concentration used in each series (i.e. at Na 20 /Be 0 = 10) was taken as the “blank” level. 

(b) Stability to heat. Beryllate solutions were prepared as in (a), CO 2 was excluded 
by the use of Sofnolite traps and each solution was heated for 2 hr at 95°C. The beryllium 
precipitated was separated by centrifuge and the amount determined. 

(c) The effect of silicon, calcium and strontium on beryllate stability. The effect of silicon 
was studied by addition of varying amounts of (i) Na 2 SiF 6 and (ii) freshly-prepared Na 2 SiOj 
solutions to a series of beryllates prepared as in (a). The effect of calcium and strontium was 
studied by direct addition of the respective chlorides. After adjustment to the required 
concentration, the solutions were protected from C0 2 , heated for 1 hr at 50° C (at which 
temperature a pure beryllate solution is stable but insoluble hydroxides will coagulate) and 
any precipitates centrifuged and analysed. 

The result of calcium addition to beryllium sulphate solutions prior to precipitation was 
also studied. 

A Philips Camera (36 cm circumference) with iron-filtered Co Kj radiation was used for 
X-ray diffraction photographs. 

(1 »> H. Brintzinoer and H. Osswald, Z. Angew. Chem. 47, 61 (1934). 
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RESULTS AND DISCUSSION 

Tyndall effect. Two scries of beryllates were prepared with beryllium concentra¬ 
tions of 1-56 g BeO/L and 313 g BeO/1. in which the Na 2 0/BeO ratios were varied 
between 2*0 and 10-0. The results are plotted graphically in Fig. 1. They demonstrate 
the marked Tyndall effect observed for beryllate solutions of low Na 2 0/Be0 ratio 
when these are compared with pure NaOH solutions: at both beryllium concentrations 
it is evident that the light-scattering falls off markedly as the Na 2 0/BeO ratio increases, 
thus indicating that the species in solution diminish in size as the alkali concentration 
increases. 



Flo. 1.—Light-scattering from beryllate solutions. 

The stability of beryllate solutions on heating. Beryllium is normally recovered 
from a beryllate solution by heating it at, or near, its boiling point to precipitate 
granular beryllium hydroxide. The effects of changing the ratio of Na 2 0/BeO 
and the initial beryllium concentration on the recovery of beryllium on heating are 
shown in Figs. 2 and 3. Both sets of results demonstrate that the amount of beryllium 
precipitated on heating decreases with increase in the concentration of alkali in 
solution. Such behaviour would be expected as the large polymeric beryllate species 
present at lower alkali concentrations can more readily coalesce because of their 
lower charge/beryllium ratio than can simple mononuclear [Be(OH) 4 ] 2- ions. 

The effect of silicon on beryllate solutions. It was found that quite small amounts 
of silicon (as silicate) could greatly reduce the solubility of beryllium hydroxide in 
alkali or cause precipitation of beryllium from a beryllate solution. This was 
investigated by die addition of silicon to a beryllate solution (Na 2 0/Be0 = 2; 
10-25 M in Be) to determine whether a quantitative relationship existed between the 
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Pio. 2 ._Stability of beryllate solutions at 95°C (after 2 hr heating). Effect 

of Na 2 0:BeO ratio. 



0 2 A 6 8 10 

BeO concentrotion (before ppfn) 9 A 

Flo. 3.—Stability of beryllate solutions at 95°C (after 2 hr heating). Effect 
of BeO concentration. 

amount of silicon added and the amount of beryllium precipitated. A comparison 
was made between the behaviour of sodium silicate (Na 2 Si 03 ) and sodium fluosilicate 
(NaaSiFg); these sources of silicon were regarded as two which would be likely to 
rapidly establish equilibrium, with respect to the silicate species present, in solutions 
of high concentrations of alkali. The results (Tables 1 and 2) show that no simple 
beryllium-silica species is precipitated. It was possible, however, to apply the 
classical adsorption isotherm; 

— ss mcUn 

m 

where x =* amount adsorbed, m — mass of adsorbent, c — equilibrium concen¬ 
tration of species being adsorbed, and k and n are constants, assuming that only the 
precipitated beryllium presented an adsorbing surface (Fig. 4). 
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The predpitation of an amorphous, non-stoicheiometric silica-beryllium spedes 
is c <n M P tttflnt with a picture of polymeric beryllate' spedes of colloidal dimensions 
having a random distribution of terminal OH groups, their number depending on the 
degree of polymerization. By equating these with the active centres involved when 
unimolecular adsorption is considered, a type of heteropoly cross-linking which 
results in insolubility is easily envisaged: this concept is supported by the isotherm 

relationship. ' i 


Table 1.—Precipitation of beryllium from beryllates by addition of silicon as 

Na2SiF$ 



Original beryllate 


Predpitate 


BeO 

(mg) 

Si02 

(mg) 

Be0/Si0 2 
mole ratio 

BeO 
(mg) [m] 

Si02 
(mg) M 

BeO/Si02 
mole ratio 

62-5 

nil 

_ 

nil 

_ 

_ 


10 

1:0-0067 

8-5 

0-38 

i:o-oi8 


40 

1:00268 

16-5 

2-03 

i:o-05i 


5 0 

1:0 0335 

19-6 

2-83 

1:0060 


10-0 

1:0-067 

30-7 

6-40 

1:0-087 

»» 

200 

1:0-134 

35-5 

10-10 

1:0120 



Flo. 4.—(a) Addition of Na 2 SiF 6 to sodium beryllate solution, 
(b) Addition of Na 2 Si 03 to sodium beryllate solutioa 
Si 02 adsorbed on predpitated beryllium. 


Confirmation that the larger beryllate spedes were reacting with the silicate ions 
was obtained when the above experiments were repeated in the presence of a greater 
excess of Na0H(Na20/Be0 = 10). Under these conditions the beryllium is probably 
mainly present as beryllate ions of low molecular weight (cf. Tyndall effect and 
stability to heat of such solutions). Such solutions always remained indefinitely 
stable on addition of silicon. 
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Table 2.~Pr*cottaton of beryluumfrom beryllates by addition or sojca as 



Original beryllate 


Precipitate 



SiO-> 

BeO/Si0 2 

BeO 

SiO z 

BeO/Si0 2 

(mg) 

(mg) 

mole ratio 

(mg) [m] 

(mg) M 

mole ratio 

62-5 

nil 

1 0 

110 0067 

nil 

7-3 

0-38 

1 :0-022 

»» 

5-0 

1:0 0335 

19-2 

2-5 

1:0-054 

II 

10-0 

1:0-0670 

29 0 

5-3 

1:0076 

»* 

20-0 

1:0-134 

37-0 

12-8 

1:0-144 

»» 

II 

40-0 

t:0 268 

49 5 

24-5 

1:0-206 


It is of interest to note that this effect of silicon on beryllate solutions of low 
Ma 2 o/BeO ratio is similar to those observed for solutions of both aluminate and 
zincate (0-125 M-AbO* and ZnO respectively) when the ratio of Na 2 0/oxide was two. 
The addition of sodium silicate solution produced immediate precipitation. 

THE COMPLEX CALCIUM AND STRONTIUM HYDROXY-COMPOUNDS 

OF BERYLLIUM 

It was shown by the results of studies in another context that beryllate formation, 
when another Group II metal was present, was restricted, and, under certain conditions 
was almost entirely prevented. 

A series of beryllates (Na20:Be0 = 2.1; 0-25 M-BeO) was prepared and 
equimolar amounts of the chlorides of Mg, Ca, Sr and Ba were added to give an 
arbitrary ratio of oxide to BeO of 1:14. The amount of beryllium precipitated was 
determined and the results are shown graphically in Fig. 5. 



Fra. 5.—Effect of equimolar amounts of Group Ila hydroxides on stability of 
beryllates (Na 20 /Be 0 = 2). 

Calcium and strontium can be seen to have the greatest influence and subsequent 
investigation was concentrated on the extent of beryllate decomposition caused by 
the presence of these elements and the nature of the compounds precipitated. 

Table 3 demonstrates the marked decrease in solubility of Be(OH )2 in 4 N sodium 
hydroxide solution (Na 20 /Be 0 = 2-0) when co-precipitated with increasing amounts 
ofCa(OH) 2 . 
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f 

The washed and air-dried solids were clearly microcrystalline and gave my 
similar X-ray photographs, the lines of which could not be assigned to any known 
phase. A strong line at about d — 8 A was particularly characteristic. 

The direct addition of calcium chloride solution to stable beryllate solutions 
resulted in the immediate precipitation of the identical complex. 


Table 3. —Effect of calcium on the solubility of Be(OH )2 in NaCXH 


Mol. ratio Ca(OH) 2 / 
Be(OH )2 in pptd. 
hydroxides 

o:i 0054:1 

0-05811 

0-097:1 

o-io5:i 

0-165:1 

BeO insoluble after 

1 hr at 50°C (%) 

nil 45-5 

41-0 

74-5 

75-5 

89-0 

CaO/BeO (mol) in 
pptd. solid 

i;8-3 

1:7-2 

i:7-7 

i:7-2 

i:s-6 


A systematic study of the degree of precipitation from beryllates of varying 
Na 2 0/BeO ratio on the addition of a constant amount of calcium chloride was made. 
From the results shown in Table 4, it can be seen that in test 1 almost complete 
precipitation of beryllium occurred and no lines of the powder photograph related to 
any phase other than the characteristic complex. In test 2 the stability of the beryllate 
was slightly increased and the strong lines of Ca(OH ) 2 were discernible among those 
of the complex. This was the only change m the X-ray spectrum. In test 3 and 
particularly test 4 the lines of Ca(OH ) 2 clearly predominated but line intensity was 
the only change noted in the pattern associated with the complex. The presence of 
Ca(OH ) 2 in the precipitates from solutions with the higher Na 2 0/BeO ratio is also 
shown by the increased CaO/BeO ratio in the precipitate. 


Table 4.— Precipitation of beryllia from beryllate solutions on addition of 
3-6 m mole. CaO as CaCl 2 to 40 ml 0 25 M-beryllate solution (i.e. 10 m mole BeO) 


Test no. 

Na 2 0:BeO 

(mole) 

BeO 

pptd. 

(%) 

CaO:BeO 
in ppt. 
(mole) 

1 

2 

95-8 

1:4-1 

2 

4 

92-9 

1:3-1 

3 

6 

34-8 

1:0-82 

4 

8 

8-9 

i:o-05 


The improved stability that followed an increase of the Na 2 0/BeO ratio parallels 
that found on addition of silicon. This confirms the significance of the ratio in 
defining the equilibrium state. 

When strontium chloride was added to beryllates an analogous complex was 
precipitated and a more detailed study of these two compounds was undertaken. 
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The respective preparations were made by direct addition of an arbitrarily chosen 
amount of the chlorides to a beryllate (1 mole’ MC1 2 :5*6 mol. BeO; 2*5 M-BeO 
solution, NajO/BeO = 2). Microscopic examination of the vacuum-dried products 
revealed that both compounds consisted of ill-defined hexagonal plates. No change 
in crystal habit was apparent on drying at 110°C. The analytical results shown in 
Table 5 are typical of several, all of which were in close agreement and which point 
to deviation from simple stoichieometry. It can'be seen that the further drying at 
1 10°C resulted in the expulsion of approximately 2 mole H 2 0. 

Within analytical error both calcium and strontium are represented in identical 
ratios to beryllium in these crystals and interpretation of the X-ray data by the usual 
graphical and numerical methods showed that the higher hydrates had identical 
unit cells (Table 6). 


Table 6.—Lattice parameters and densities of calcium and strontium complexes 


* 

Crystal 

class 

a 

(A) 

c 

(A) 

Density 

(g/cm*) 

Calcium hydroxy beryllate 
(vacuum-dried) 

Hexagonal 

14-9 

16-6 

1-83 

Calcium hydroxy beryllate 
(dried at 110°Q 

»» 

14-6 

13-1 

2-23 

Strontium hydroxy beryllate 
(vacuum-dried) 

>• 

14-9 

16-6 

2-08 

Strontium hydroxy beryllate 
(dried at 110°C) 

»» 

14-6 

13-5 

2-29 


Several aspects of interest arise from these observations which should repay a 
more detailed investigation. The data are consistent with complexes of hexagonal 
layer lattice structure: absence of the odd order ( ool ) reflexions show them to be of 
the ABAB type common to many hydroxy salts precipitated from both acid and 
alkaline solutions. Several other cations of high ionic potential (e.g. Bi 3+ , Al 3+ , 
U0 2 2+ ) which have been claimed' 11 - 12 « 131 to undergo condensation reactions which 
produce hydroxy-bridged complex ions in solution also form sheet structures on 
precipitation. 

The high field strength of beryllium may be expected to exert a strong attraction 
on the OH groups and it is of interest to note that, unlike most hydroxides, granular 
Be(OH) 2 does not form a layer lattice* U) but is a structure based upon the OH 
groups arranged tetrahedrally around the Be 2+ ions in an orthorhombic cell. This is 
the stable form of Be(OH) 2 into which the gelatinous form passes on standing or 
boiling, and the form generated by boiling a beryllate solution. 

The hypothesis of hydroxy bridging already suggested would also presumably 
involve Be 2+ in fourfold co-ordination and models show that since this demands a 

<u) L. G. Sexen, Naturwissenschaf ten , 30, 318 (1942). 

(12) C. Brossett, Acta Chem. Scand. 6, 910 (1952). 

(,3) S. Ahkland, Acta Chem. Scand. 3, 374 (1949). 

(14 > Von A. Sbttz et al., Z. Anorg. Chem. 261, 94 (1950). 
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sfaarine of the edges of tetrahedra, the Be** ions are closer than in the other arrange- 
tendency to form sheets on this basis is only possible if the terminal OH 

groups are shared, thus; 

un 

OH 


OH 
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\ / \ / 

Be Be 

/ \ / \ 

OH 


OH 


OH 
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Be 
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./ 
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\ / 

Be 

/ \ 


OH 


OH 


A lateral extension of this arrangement seems unlikely. 

The simplest unit would therefore be a tetramer and attention is drawn to the 
ideal formula for the complexes which suggests that the tetramer is the unit laid down 
in the lattice. Consideration of the densities indicates that twelve such units occupy 
the unit cell but confirmation of these implications requires more refined studies. 

The contraction along the C axis when about two moles of water are expelled 
on drying the solids at 110°C indicates that these are intercalated between the layers, 
analogous to the behaviour of the clay minerals. It was also noted that these com¬ 
pounds, particularly the higher hydrates, absorbed carbon dioxide but whether this, 
too, became intercalated or assumed a constitutional role was not investigated. 

Other results (on the products of the experiments recorded in Table 3) have 
suggested that variations in the preparative procedure modify the Cal Be ratio 
without making marked changes in the ceil size. This parallels work of Branden- 
berger * 151 for the system • 

x Ca(OH) 2 y Al(OH) 3 z H 2 0 

in which variations of x, y and z had little influence on the diffraction patterns. 

These results and observations are important for those hydrometallurgical 
processes which depend upon the attainment of stable alkaline solutions of the metal, 
for example beryllium or aluminium. Indeed, it appears from the work of Malyshev 
and Drozdov* 16 - 171 that the chemistry of aluminates bears a strong resemblance to 
that of beryllates with respect to their reactions with calcium hydroxide and silica. 

Acknowledgement —This paper describes work undertaken on behalf of the United Kingdom 
Atomic Energy Authority and is published by their permission and by that of the Director 
of the National Chemical Laboratory. 

(ls > E. Brandenberger, Schweiz, Mm. Petr. Mitt. 13, 569 (1933). 

<16) B. V. Drozdov and M. F. Malyshev, Zh. Prikktd. Khlm. 30, 1600 (1957). 

(17) B. V, Drozdov and M. F. Malyshev, Zh. Priklad. Khim. 33, 20 (1960). 
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KINETICS OF THE REDUCTION OF NEPTUNIUM(V) 
WITH IODIDE ION 

N. K. Shastri, J. O. Wear and E. S. Amis ,i 
The Chemistry Department, University of Arkansas, Fayetteville, Arkansas 

{Received 22 May 1961 ; in revised form 10 August 1961 ; in final form 10 November 1961) 

Abstract— The rate law for the reaction, NpOj +I~ = Np 4+ +# 2 , may be expressed as 
dNp* + /dt — £fNpC> 2 ][I"'] 1 ' 3 [H + F i5 . At 25° and in 3-29 M HQ, the rate constant is 
10-27 xl0“ 1 l. 4 mole _4 min“ 1 . The apparent activation energy is 28,300 cal mole -1 . A pos¬ 
sible mechanism is suggested. 

In the case of the actinide elements, reactions between different valence forms of 
the same element are said to be similar. The reactions between different valence 
forms of the same element also resemble and obey the same kinetic forms as the 
ionic reactions of the actinides with various cations and anions. **> Thus, the reduction 
of neptunium(V) by neptunium(III)< 2 > has the same rate law and follows a similar 
mechanism as the neptunium(V)-iron(II)* 3 > reaction. Iodide ion in hydrochloric acid 
solutions has a greater reducing potential and thus offers a more complete reduction 
than iron. Neptunium(V) is very stable under a wide range of conditions and no 
disproportionation is reported to occur in acid concentrations below five molar.* 4 - 5) 
Consequently, reduction of neptunium(V) with iodide ion becomes very interesting 
from a kinetic standpoint. So far only a qualitative study of the neptunium(V)-iodide 
reaction has been reported.* 6) The following paper presents a systematic investigation 
of the rate law and a probable mechanism for the kinetics of the neptunium(V)-iodide 
reaction. 

EXPERIMENTAL 

A neptumum(V) stock solution was prepared by electrolytic reduction* 7 * of a 237 Np 
sample furnished by the AEC and its purity in 1 M acid was ascertained by observing the 
neptunium(V) peaks to the exclusion of others on a Beckman DK-1 spectrophotometer. 
The neptunium concentrations were determined by alpha particle counting on the basis of 
790 oc-counts min -1 /ig -1 specific counting yield on a Nuclear Chicago gas flow counter.*®* 
All solutions were prepared in distilled water which was previously run through an 
ion-exchange column and boiled to remove oxygen. A standard stock solution of sodium 
iodide was made by weighing out the required amount of A.R. grade (Mallinckrodt) sodium 
iodide and dissolving it in oxygen-free water in a volumetric flask. 

* l * J. C. Hindman, Proceedings of the Second International Conference on Peaceful Uses 
of Atomic Energy, Geneva, 1958, Vol. 28, p. 349. United Nations (1958). 

,2) J. C. Hindman, J. C. Sullivan and D. Cohen, J. Amer. Chem. Soc. 80, 1812 (1958). 

<3) L. B. Magnusson, J. C. Hindman and T. J. LaChappelle, Transuranium Elements, 
Pt. H, NNES. Div. IV, Vol. 14 B, 1143. McGraw-Hill, New York (1949). 

,4) J. R. Huizenga and L. B. Magnusson, J. Amer. Chem. Soc. 73, 3202 (1951). 

* 5) R. Sjoblom and J. C. Hindman, J. Amer. Chem. Soc. 73, 1744 (1951). 

<6) L. B. Magnusson, J. C. Hindman and T. J. LaChappelle, Transuranium Elements, 
Pt. n, NNES. Div. IV, Vol. 14 B, 1146. McGraw-Hill, New York (1949). 

* 7) D. Cohen and J. C. Hindman, J. Amer. Chem. Soc. 74, 4679, 4682 (1952). 

(8) L. B, Magnusson and T. J. LaChappelle, J. Amer. Chem. Soc. 70, 3534 (1948); Tran¬ 
suranium Elements, Pt. I, NNES. Div. IV, Vol. 14 B, 39. McGraw-Hill, New York (1949). 
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The stock solution of hydrochloric acid was sta nd a r d i zed against a standard sodium 
hydroxide solution using phenolphthalein as an indicator. 

A 0 5 M solution of TTA (thenonyltrifluoroacetone) was prepared in reagent grade 
benzene. 

The course of the reaction was followed by extracting the Np«+ ion with TTA at 
different intervals of time and determining its concentration by a-particle counting. To 
eliminate the reverse reaction, reduction of Np(V) was carried out in a two phase system, 
with carbontetrachloride as a carrier of iodine. No evidence of a photochemical reaction 
was found when parallel runs were made in blackened vessels. 

The reaction was carried out in an atmosphere of nitrogen. The nitrogen used was 
freed from oxygen by passing it through gas wash-bottles containing pyrogallol and sulphuric 
acid, respectively. Finally, it was saturated with the solvent by passing it through the solvent 
contained in a gas wash bottle placed in the thermostat bath. 

The reaction vessel was a 70 ml flat bottomed flask (Fig. 1) with a side-arm opening at 
the base, which served as an inlet for nitrogen to bubble through the solution. The cap of 
the vessel had both an inlet as well as an outlet for nitrogen. The vessel was air-tight when 
both the parts were joined together and clasped with rubber bands. Both the inlets for 
nitrogen were provided with stop-cocks, and nitrogen could be passed through either of 
them at will. The outlet at the top was a 7 mm glass tube with a piece of rubber tubing 
attached to it. The height of the tubing was so adjusted that when the bulb of a one ml 
pipette was pressed against it, the tip of the pipette dipped into the solution. A <mmpU 
could be withdrawn in this way by opening the upper nitrogen inlet and forcing the solution 
into the pipette. 



Fto. 1.—Reaction vessel with inserted pipette. 
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Appropriate amounts of HQ and water with about 50 mi of CCU were placed in the 
reaction vessel and put in the thermostated bath. The other two reactants were also placed 
separately in the bath. Presaturated nitrogen was bubbled through ail die three solution* 
long enough to attain constant temperature and complete deoxygenation. When thermal 
eq uilib rium was attained, the required amount of sodium iodide was added to the reaction 
r cmr i No decomposition of sodium iodide was observed in the runs made. The reaction 
was by adding the neptunium(V) solution. The start of the reaction was timed when 
half of the neptunium solution had drained out of the pipette. Nitrogen whs kept bubbling 
through the solution for a thorough mixing of the reactants. The temperature of the bath 
was kept constant within ±0*2°. The thermometer used was calibrated against a National 
Bureau of Standards thermometer. 

One ml samples were withdrawn at different measured intervals of time and poured 
into 10 x75 mm test tubes containing one ml of water and one ml of 0-5 M TTA in benzene. 
As the reaction is dependent upon a large add concentration, dilution with water quenched 
the reaction. The mixture was shaken for 3 min for complete extraction. The aqueous and 
jwin-na layers were separated by a centrifuge. Fifty X samples of benzene layer were spotted 
on pl atinum planchettes in triplicate, evaporated under a lamp, heated to red heat over a 
cooled, and counted for a-particle activity of neptunium(IV). The background count 
of the planchettes was subtracted and a statistical average of three counts was taken as a 
point on the rate plot. 

Order of the reaction 

The rate data obtained at equimolar concentrations of Np(V) and iodide ions failed 
to satisfy the bimolecular or simpler expressions. Consequently, the procedure adopted was 
to first determine the orders with respect to various reaction ions and then to obtain a rate 
expression. Orders were determined by making a number of runs in which the concentration 
of only one reactant was varied. The initial rate was determined graphically from con¬ 
centration vs. tune plots. The logarithms of initial rates when plotted against the logarithms 
of initial concentrations gave a straight line, the slope of which was equal to the order with 
respect to the ion the concentration of which was varied. 

Orders were determined from the slopes of plots of log dcjdt as ordinates vs. log c as 
abscissae. The data showed good precision and gave slopes of 0-86, 1 -55 and 2-61 for 
NpOj, I - and H + ions, respectively. The fifth column in Table 1 contains the values 
of it as calculated by substituting the orders in the rate law. The values agree with the 
average value within ±3-9 per cent. 


Tabu 1.—Initial rates and specific velocity constants with various NpOj, I - 
AND H + ION CONCENTRATIONS AT 25°; fl =30 


[NpO^l X10 2 M 

[I-] x 10 2 M 

[H+]M 

dc . 10« 

W 6-84 

JtxlO 2 

0-423 

1-229 

3-29 

3-26 

9-93 

0-307 

1-229 

3-29 

2-42 

9-70 

0-265 

1-229 

3-29 

2-20 

9-86 

0-614 

1-229 

3-29 

4-45 

1005 

0-614 

1-229 

3-29 

4-47 

9-97 

0-423 

0-988 

3-29 

2-36 

10-28 

0-423 

1-474 

3-29 

4-23 

9-91 

0-423 

1-474 

3-76 

6-67 

10-79 

0-565 

2-000 

2-88 

6-72 

10-77 

1-224 

0-800 

3-28 

4-26 

10-27 

1-379 

1-200 

3-06 

7-33 

10-57 

0-608 

3-000 

2-48 

9-53 

11-24 


Average 10-27 x 10 -2 ±0-40 
1.4 mole -4 min -1 





538 


N. K . SbastRi, J. O. Weak and E. S. Anns 


^ The ionic strength, u, in this reaction changes with time during the course of the reaction. 
To observe the effect of a neutral electrolyte on the reaction rate, runs were made with the 
addition of sodium chloride. Data in Table 2 indicates no perceptible effect on the rate with 
changing//. 


Table 2— Effect of ionic strength on the rate of reaction of 
neptunium(V) and sodium iodide at 25° 


[NpO£] x 10* M 

fl-]xl0*M 

[H+]M 


ArxlO* 


0-423 

1-474 

2-820 

2-84 

10-64 


0-565 


2-884 

3-00 

10-77 


0-565 


2-884 

3-32 

11*21 


0-565 


2-884 

3-63 

11-09 


0-423 

1 474 

4-230 

4-25 

9-95 



The energy of activation 

The energy of activation was determined by carrying out the reaction at three tem¬ 
peratures and plotting the values of log k against l IT. A straight line was obtained, as 
illustrated in Fig. 2. From the slope of the line, the energy of activation is calculated to be 
28-3 kcal mole -1 . 
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DISCUSSION AND MECHANISM 

Assuming the orders to be either whole- numbers or half-fractions, the 
stoicheiometry of the neptunium(V) and sodium iodide reaction is satisfied by the 
following mechanism : 

NpO£+2H + +I- -Np(OH) 2 I2 + (3) 

NpOJ+3H + +2I--Np(OH)l| + +H20 (4) 

An average of these two steps would give a rate which would depend on [NpO + ] to 
the first power: p~] to the 1-5 power and [H + ] to the 2-5 power. This mechanism 
leads to the following rate law: 

= fcl [Np0^tH + ]2[I-]+fc 2 [Np0^[H + ]Ja-]2 (5) 

01 ,6 > 

Equation (6) can be tested against the experimental results. Rate values, as given in 
Table 1, column 4, when divided by the concentrations of the reactant ions raised to 
appropriate powers, are plotted against the product [H + ][I~], a straight line is 
obtained (Fig. 3) as demanded by the rate law. The intercept of this line gives the 
value of k\, which is l-82xl0 -2 : and the slope gives the value of fc 2 , which is 
5-41x10-1. 



Fio. 3.—Plot of differential Rate expression from the mechanism. 
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The integrated form of Equation (5), assuming H + to be constant, is: 

jl i oe r ** i 

2 Kk 3 g lktZ 1 +(k 4 K+k 3 )z + KkJ k 3 K[(k 4 K+k 3 ) 2 -4k 4 Kk 3 y 

. [2k 4 z+(k,K+k 3 )-[(k,K+k 3 y-Ak 4 Kk } ]n 
g l2k 4 zHk 4 K+k 3 )+[(k 4 K+k 3 ) i -4k 4 Kk] 3 i J~ = (7) 


where k 3 = fci(H + ]2, = k± H + p, * = (a-b), z = (b-x), a = [NpO$] 0 , b = [i_] o 

and I is an integration constant. By substituting the various values in Equation (7) 
and using the values of ki and fe 2 obtained from Fig. 3, a plot of the integrated 
expression, L, against t gives a straight line (Fig. 4), which is in good agreement with 
the proposed mechanism. 



follows^" reaCtiODS after ** Steps Signified “ E^ons (3) and (4) may be as 

r r P ™ 2l2+ + l Np(0H)2p+ [X] * - N P° 2+ +Np(OH)P+ +I 2+ h 2 0 (8) 

complex and Jvesnn ■ ^ ^ th£ rate '^ aw on] y im P^ es a formula for the activated 
At thk f I no ' infonnat,on concerning subsequent reactions. 

mechanism sugSted fc nof ° f ^ regardin 8 De P^nium chemistry, the 

mSms tvSelmn, t0 ** StruCtures ° f ions Solved. Other 

*“ "* **• <*•* would ta rnZ'“ ™““ 

whfcjT^iEPOrted Ms A ' 0mic Encr ®' CoramiMioii for Cootract 

N>to - ” 
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THE EXTRACTION OF Pu(IV) NITRATE BY LONG 
CHAIN TERTIARY AMINES NITRATES 

F. Baroncelli, G. Scibona and M. Zifferero 11 , 
C.N.E.N., Laboratono Trattamento Elementi Combustibili, Rome 


{Received 14 November 1961) 

Abstract— The acid dependence of the partition coefficient of Pu(IV) nitrate into organic 
solutions of long chain tertiary aliphatic amine nitrates is attributed to the different extraction 
behaviour of the Pu complexes which are formed in the aqueous phase at different nitric 
acid concentration. 

Of the several possible plutonium nitrate complexes only Pu(N 03 >« and Pu(N 03 )f, - 
can undergo extraction to a useful extent. 

Spectrophotometric data, ion exchange absorption and solid Pu(NOs )4 solubility 
experiments support this interpretation. The plutonium species predominating in the organic 
phase has been confirmed to be (R 3 N )2 Pu(N 03>6 under a wide variety of experimental 
conditions. 

The possibility to recover plutonium values by solvent extraction with tertiary 
amines was first reported by Sheppard.® Successive works on this subject dealt 
mainly with the possible application in irradiated fuel processing® and with the 
comparative extraction behaviour of actinides elements® 4) but only limited attempts 
were made to give an interpretation of the extraction behaviour. 

Published data seem to agree on the existence, in the amine organic phase, of 
a plutonium hexanitrato complex,® also in the case of secondary amine extraction.® 
The purpose of this work is to provide additional information on the extraction 
behaviour of Pu(IV) in tertiary amine nitrates solutions and to afford an explanation 
of the extraction mechanism. 

The existence of only one hexanitrato complex of Pu in the organic phase been 
confirmed: the dependence of the plutonium partition coefficient from the nitric add 
molarity in the aqueous phase can be'explained if two different extraction reactions 
are considered: 

Pu(N0 3 ) 4 +2R 3 NHN0 3 v- (RjN) 2 Pu(N0 3 ) 6 (1) 

Pu(N 0 3 )1- +2R 3 NHN0 3 - (R 3 N) 2 Pu(N0 3 ) 6 +2NOi. (2) 

(,) J. C. Sheppard, HW 51958 (1957). 

<2) A. S. Wilson, Proceeding of the Second International Conference on the Peaceful Uses of 
Atomic Energy, Geneva, 1958, P/544, Vol. 17, p. 348. United Nations (1958). 

(3) W. E. Keder, J. C. Sheppard and A. S. Wilson, J. Inorg. Nucl. Chem. 12, 327 (1960). 

(4) B. Wbawer and D. E. Horner, J. Chem. Engng. Data 5, 260 (1960). 

(5> J. A. Brothers, R. G. Hart and W. G. Mathers, /. Inorg. Nucl. Chem. 7 , 85 (1958). 
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Tablb 1 .—Chemical composiudn of tertiary amines* 


Amine Eq MW 


Tertiary 

(%) 


Secondary 

(%) 


Primary 

(%) 


TLA 

TOA 

hoa 

TCA 


522 

350 

381 

414 


98 
947 
93 -4 
97-5 


< 2 
~ 5 
~ 6 
2-2 


< 0-3 


* The composition is given in terms of moles per cent. 


EXPERIMENTAL 

Reagents: source and purity 

The following tertiary amines were used as extractants: 

Trilaurylamine (TLA) supplied by Rhone and Poulenc in a special high purity 
batch: a straight chain tridodecylamine 

Triisooctylamine (TIOA) supplied by Union Carbide. Aliphatic chains are a 
mixture of dimethylhexyls and methylheptyls, principally 3-5, 4-5 and 3-4 
dimethylhexyl 

Tri-n-octylamine (TOA) supplied by Fluka AG 

Alamine 336 or Tricaprilylamine (TCA) supplied by General Mills. Aliphatic 
chains are a mixture of n-octyls (predominating) and n-decyls. 

Data on the equivalent molecular weights and on the secondary and primary amine 
content as it results from differential non aqueous titration are collected in Table 1. 

Tertiary amines were used as such, without further purification. Solvesso 100, an 
industrial aromatic naphta, was used as a diluent. Amines nitrates were prepared by con¬ 
tacting the amine-diluent solution with a tenfold volume of nitric acid of the desired 
concentration: the phase disengagement, usually very rapid, was improved by centrifugation 
Freshly prepared solutions were employed each time to avoid ageing effects. 

Plutonium-239 nitrate, as received from USAEC, was unsuitable for extraction 
experiments due to the presence of interfering amounts of 241 Am. An anionic exchange 
purification procedure * 61 was used and a concentrated plutonium nitrate solution in 1M HNO 3 
was stored with 0 05 M sodium nitrite to keep plutonium in the tetravalent state. Suitable 
aliquots of the stock solution were diluted with a nitric acid solution of the desired con¬ 
centration. The values of the partition coefficient were checked at random by back extracting 
the plutonium from the organic into a fresh aqueous phase. 

Extraction procedure 

A constant plutonium concentration of 0-1 g/1. was used. In extraction experiments 
5 ml of the plutonium solution were contacted at constant temperature (25 ±07° C) with an 
equal volume of the organic phase. After centrifugation suitable aliquots of both phases 
were a counted on a proportional flow counting system 

Spectrophotometry 

All spectra were recorded with a Beckman Model DK apparatus equipped with 1 cm 
glass cells. The plutonium concentration in the organic phase was approximately 2-5 mg/ml 


RESULTS AND DISCUSSION 

The extraction data for the four amines tested are plotted in Fig. 1. The plutonium 
partition coefficient is maximum at 3-4 M aqueous nitric acid for all the amines. 
The absolute values of the partition coefficient are related with the amine concentra¬ 
tion: organic solutions lOv/o in Solvesso were employed in the experiment but the 
values of the partition coefficients would be sensibly the same if equal molar con¬ 
centration of the amine were used. 

(4) J- L- Ryan and E. J. Wheelwright, Industr. Engng. Chem. 51, 60 (1958). 
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Tails 2.—Slows of loo-loo plots of e^q vs. amine nitrate concentration 


Amine 

Aq. HNOj 
<M) 

Slope 

TLA 

1 

2-05 

TLA 

2 

2-05 

TLA 

4 

1-97 

TLA 

8 

196 

TCA 

4 

2*00 

TOA 

4 

2-01 

TIOA 

4 

1*95 



Fig. 1.—The extraction of Pu(IV) by lOv/o tertiary aliphatic amine nitrates in 

Solvesso 100. 

The slope of a log-log plot of E°^ versus the amine concentration is a measure 
of the amine-to-plutonium ratio in the organic phase. Fig. 2 gives an example of 
these plots applied to the TLA case. In Table 2 the values of the slope of log-log 
plots of Ejft vs. the amine concentration are collected for the different amines at 
different values of the aqueous nitric acid concentration. 

The fact that the slope is constant for all the amines and in a wide range of 
nitric acid concentration indicates that only one complex of plutonium is present in 
the organic phase having an amine to metal ratio of two. 

This mult is confirmed by the absorption spectra of the plutonium bearing 
amine phases obtained by the extraction of aqueous solutions 1-14 M in nitric acid. 
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All spectra provide strong evidence (Fig. 3) for the existence of one single 
complex (R 3 NH) 2 Pu(N 0 3 ) 6 ; they are not affected by increasing nitric acid con¬ 
centration in the organic phase and their analogy with the well known<7.*> absorption 
spectrum of the aqueous hexanitrato complex Pu(N0 3 )|" can be easily verified. 



Fio. 2.—The extraction of Pu(IV) in TLAHNO3 from 4 M HNOj. 

Since no substantial change related to the plutonium species is detectable in the 
organic phase at increasing HN0 3 concentration in the aqueous and hence in the 
organic phase, the acid dependence of is most likely due to the plutonium(IV) 
complex chemistry in the aqueous phase. Existing information on this subject* 5 * 7 > 8) 



Flo. 3.—The absorption spectra of Pu(IV) extracted in lOv/o TLA nitrate in 

Solvesso 100. 

71 S' ^ ATZ an d W. M. Manning, The Transuranium Elements, NNES, 

Plutonium Project Record, Vol. 4-14 B. McGraw-Hill (1949). 

<» J. L. Ryan, J. Phys. Chem, 64, 1375 (1960). 
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I 

is on absorption spectra modifications at increasing acidity. Accordingly the 
variations of the spectral behaviour can be divided into two classes depending on the 
acidity range. From 0 to 5 M nitric acid spectral changes are due to the presence of 
positive or neutral plutonium nitrate complexes: above 5 M nitric acid the formation 
of anion complexes Pu(N0 3 )£", Pu(N0 3 )i, HPu(N0 3 ) 5 and H 2 Pu(N 0 3 )£ is 
responsible for further spectral modifications. The neutral form Pu(NOj >4 is pre¬ 
dominating in the nitric acid range 2-4 M,< 5 > ' , 

Comparing the anion exchange absorption with spectrophotometric data Ryan< 8 » 
has established that the decrease of the resin absorption at 7-6-7-8 M HN0 3 is due 
to the formation of HPu (N0 3 ) 5 and H 2 Pu(N0 3 )e. No decrease in fact is noticed if 
Ca(N0 3 ) 2 is used instead of nitric acid. 

A plot of the plutonium partition coefficient into lOv/o TLA-Solvesso vs. nitrate 
ion concentration at constant low acidity is given in Fig. 4. increases at increasing 
nitrate ion concentration as in the case of anion resin absorption.< 8 > 



Fro. 4.—The extraction of Pu(TV) in TLAHNOj from CaCN0 3 )2 solutions 

(0-3 M HN0 3 ). 

The analogy between resin absorption and amine extraction is limited to the 
above experimental conditions; actually when nitric acid is used instead of calcium 
nitrate the position of the E^ maximum is ~4 M HN0 3 for the amines and ~8M 
for anion resins. 

The extraction behaviour of Pu(IV) nitrate can be interpreted by admitting that 
plutonium(IV) is extracted from aqueous solutions into organic solutions of tertiary 
amines nitrates under two different forms, namely Pu(N0 3 )4 and Pu(N 0 3 )? 
according to the following equilibria: 

Pu(N0 3 ) 4 +2R 3 NHN0 3 — (R 3 NH) 2 Pu(NO;) 6 
and 

Pu(N0 3 )|-+2R 3 NHN0 3 -‘(R 3 NH) 2 Pu(N0 3 ) 6 +2N0£ 
if this is the case: 

= ^ u (N0 3 ) 4 +^(N0 3 )^- 



546 


F. Baronchlli, G. Scibona and M. Zdterero 


In the hypothesis that the Pu(N0 3 )^ species is less extractable than Pu(N0 3 ) 4 
the decrease of above 4M HN0 3 may be attributed to the increase of the 
plutonium anion complex. Around 8M the plutonium extraction falls rapidly (the 
formation of the non extractable acid form H 2 Pu(N0 3 >6 may be responsible for this). 
In agreement with this picture the absorption spectra in the 2-4 M HN0 3 range show 
the existence of the predominant Pu(N0 3 ) 4 neutral form; above 4M HN0 3 an 
increasing formation of Pu(N0 3 )g _ is verified. 

Furthermore a lOv/o TLA-Solvesso solution is capable to dissolve at room 
temperature sizeable amounts of solid Pu(N0 3 ) 4 . The absorption spectra of the 
resulting organic phase is identical with that obtained in extraction condition. This 
fact shows the capacity of an amine nitrate to interact with neutral plutonium species, 
as already reported for uranium. 

The extraction of a neutral Pu complex by amine type solvents could provide an 
explanation for the different positions of Pu absorption maxima vs. nitric acid 
concentration between tertiary amines and anion exchange resins. In the resin case 
only the negatively charged Pu complex is most like to undergo extraction. It must 
be pointed out however that also other factors can be responsible for this difference; 
this possibility deserves further investigation, now in progress. 

Acknowledgement — Authors are indebted to Professor G. Giacomello for a critical review 
of the manuscnpt, to Messrs. G. B. Biondi and D. Filoni for the experimental work. 
Plutonium absorption spectra m the organic phase were made by Dr. G. Valenttni whose 
co-operation is gratefully acknowledged. 

«> F. Baroncelli, G. Scibona and M. Zifferero, J. Inorg. Nucl. Chem. To be published. 
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THE EXTRACTION OF HEXAVALENT URANIUM FROM 
NITRIC ACID SOLUTIONS BY TRI-n-DODECYLAMINE 

NITRATE 

i 

F. Baroncelli, G. Scibona and M. Zifferero 
C.N.E.N., Laboratorio Trattamento Elementi Combustibili, Rome 

( Received 9 November 1961) 

Abstract— Solutions of tertiary amines nitrates behave like liquid anion exchangers in the 
extraction of uranyl nitrate from aqueous solutions. The extraction mechanism is based 
on the formation of anionic uranium complexes in the aqueous phase which undergo 
extraction: 

U0 2 (N0 3 ) | ;- n +M[R 3 NH+NO;r -r-[(R 3 NH+)»U02(N0 3 ) l +nNOj 

The uranium partition coefficient increases at increasing nitric acid molarities in the 
aqueous phase, reaches a maximum at approximately 6 M HN0 3 , then decreases. This 
behaviour is explained as due to the presence of different types of uranium complexes in 
the aqueous phase. Below 6 M HN0 3 the extractable species U0 2 (N0 3 ) | is predominating; 
above 6 M HN0 3 the inextractable HU0 2 (N0 3 ) 3 complex prevails as indicated by absorption 
spectra and ion exchange behaviour. 

Different values of n, ranging from 1 to T7 were found depending on salting strength, 
uranium and nitric acid concentration. The influence of the organic phase composition 
was studied by directly dissolving solid uranyl nitrate in the amine solvent. No difference 
was detected in the absorption spectra and ion exchange behaviour between the uranium 
loaded organic phase obtained by extraction and the one obtained by solid UNH solubiliza¬ 
tion. Results of solubility experiments seem to exclude an extraction mechanism based on 
the stepwise complex formation of an amine polinitrate. 

In previous works the extraction of nitric acid into benzene solutions of long chain 
aliphatic amines has been investigated; simple equations were given to compute the 
amount of nitric acid extracted in the organic phased and the nature and the stability 
range of the R 3 N-HNO 3 system were studied by means of infra-red absorption and 
ion exchange techniques.® The aim of the present work is to provide information 
on the nature of the system R 3 N-HNC> 3 -U 02 (N 03 ) 2 . 

The extraction of uranium and other elements from nitric add solutions by long 
chain tertiary amines has lately received increasing attention. Several and some times 
conflicting hypothesis have been made by different authors. According to Wilson 
et al.<3) the species formed upon equilibration of an amine solution with nitric add 
is thought to be R 3 NH + NOj; this species when in contact with a metal ion solution 
extracts a metal anion which replaces the nitrate ion. 

(1) F. Baroncelli, G. Scibona and M. Zifferero, J. Inorg. Nucl. Chem. Submitted. 

(2) G. Klotz, G. Scibona and M. Zifferero, CNEN 107 (1961). 

(3> W. E. Keder, J. C. Sheppard and A. S. Wilson, J Inorg. Nucl. Chem. 12, 327 (1960). 
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Similar mechanisms have been suggested by other authors ;<*> they do not 
however explain why a decrease in the extraction coefficients is verified at higher 
acidities of the aqueous phase. This behaviour has been in one case«> interpreted 
as due to the competitive extraction of the nitric acid, in analogy with the tributyl- 
phosphate case. 

A somewhat different explanation has been recently proposed by Talat-Erbbn;«» 
accordingly the amine nitrate should form with nitric acid a series of successive 
complexes, R 3 N-HN0 3 , R 3 N-2HN0 3 , R 3 N-3HN0 3 etc. At increasing acidities the 
molar fraction of the mononitrate (which is responsible for the metal extraction) 
decreases exponentially and the extraction coefficients consequently decreases. In 
this theory the formation of a uranium complex (R 3 N) 2 U02(N0 3 ) 4 is assumed, 
implying a dependency of the extraction coefficient on the square of the amine con¬ 
centration. 

None of these works has taken into account the modifications induced in the 
aqueous phase by an mcrease of the nitric acid concentration. Actually the formation 
of ion pairs in the organic phase is responsible for the extraction; in this sense the 
structural variation of the organic phase must influence the extraction behaviour. 
But since the ionic species which are present in the aqueous solution strongly depend 
on the nitric acid concentration, it is felt that the extraction behaviour must be also 
inteipreted in terms of composition of the aqueous solution. 

For this reason the variation of the aqueous phase composition has been 
investigated in this work with ion exchange and spectrophotometrical techniques. 
The influence of the organic phase composition has also received attention and 
interesting results have been obtained by directly dissolving solid uranyl nitrate into 
the organic solvent. 

EXPERIMENTAL 

(a) Chemicals 

Tri-n-dodecylamine or Trilaurylamine (TLA)* was used without further purification. 
A potentiometnc titration gave an equivalent weight within 1 per cent of the theoretical 
value. Other chemicals were reagent grade. Pure 233 U nitrate was used in most cases and 
uranium concentration was determined directly by at-counting. Where uranium concentra¬ 
tion in excess of 10~ 2 M was needed, 233 U was used as tracer, after dilution with natural 
uranium. When the aqueous phase contained high salt concentration, a-counting was 
limited to the organic phase and aqueous phase concentration obtained indirectly. 

(b) Extraction procedure 

Extractions were conducted with equal volumes of aqueous and organic phase at constant 
temperature (25° ±0-1° C). Phase separation after contacting was improved by centrifuga¬ 
tion. Unless specified a 0-5 g U/l. concentration was used. 

(c) Solubility determination 

The solubility of solid UNH in the organic phase was determined as follows: uranyl-233 
nitrate and natural uranyl nitrate (1:100) were dissolved in ethyl ether. The solvent was 
removed at reduced pressure at room temperature. The tracer containing solid UNH was 
subsequently contacted with the organic phase to obtain a saturated solution. Aliquots of 
the organic were a-counted for uranium content. 

* Supplied by Rhone and Poulenc in a special high purity batch. 

<4) G. E. Boyd and Q. V. Larson, J. Phys. Chem. 64, 988 (1960). 

(s) M. Zhterero and F. Baroncelu, CNC 41 (1960). 

U) M - Talat-Erben. Private communication (1960); See also Eurochemic Technical Report , 
ETR No. 83, 88, 90 (1960), Eurochemic Company, Mol (Belgium) 
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(d) km exchange procedure 

Five ml of the aqueous or organic solution to be tested were thoroughly shaken at 
room temperature with 0-5 g of nitrate form Dowex 1 x4 (200-400 mesh) resin. After 
centrifugation an aliquot of the solution was a-counted for uranium content. 

(e) Spectrophotometry 

A Beckman DU spectrophotometer was used. All determinations were made at constant 
temperature (25 ±01° Q. , •' 

RESULTS AND DISCUSSION 

In Fig. 1 the partition coefficient of uranium(VI), £Ju, is plotted vs. nitric acid 
aqueous molarity. The two curves refer to TLA nitrate extraction and to ion exchange 



Fra. 1.-O— The extraction of U(VI) by 10 v/o TLA in xilene; 

— x — The extraction of U(VI) by Dowex 1 (see experimental for 
conditions). 

with a strong anion exchanger. The analogy of the two curves and the close position 
of the maxima give credit to an extraction mechanism based on the formation of 
anionic complexes in the aqueous phase which are subsequently extracted: 

U0 2 (NOj) 2 S;+« [R 3 NH + NOjJ A [(R 3 NH+) U0 2 (N0 3 ) 2 “3°+»N0j (1 ) 

with an equilibrium constant K and with n = 1. 

The existence of an organic trinitratouranyl complex U0 2 (N0 3 )5 has been 
shown by Kaplan. < 7 > The complex formation constants of U0 2 NOj, U0 2 (N0 3 ) 2 
and U0 2 (N0 3 )j in the aqueous phase at ionic strength 1 (32° C) have been calculated.<*> 

(7) L. Kaplan, R. A. Hildearandt and M. Ader, J. Inorg. Nucl. Chem. 2, 153 (1956). 

(8) D. Banbrjea and K. K. Tripath, J. Inorg. Nucl. Chem . 18,199 (1961). 


550 


F. Baroncklu, G. Scibona and M. Zufhrbro 

The absorption spectra of uranyl nitrate solutions in a wide range of aqueous nitric 
add concentration (Fig. 2) show substantial variation at increasing acidity. Above 
6 M nitric acid some new absorption bands appear at 422, 434, 450 and 466m/i and 
they become sharper at increasing acidity. This means that at nitric acid concentra¬ 
tion above 6 M the formation of another uranium complex is promoted. The existence 
of this complex is conditioned by the presence of nitric acid; in fact uranyl nitrate 



Fla. 2.—Effect of nitric acid and nitrate ions cone, on the absorption bands of 

uranyl nitrate. 


solutions in 10-5 N Ca(N0 3 )2 (0'5 M HNOj) show spectra substantially analogous 
to those obtained in 6 M nitric acid. Furthermore the absorption of uranium on solid 
anion exchange resin shows no maximum at increasing caldum nitrate concentration. 
This behaviour is attributed to the formation of the HU02(N0 3 ) 3 in nitric add solution 
above 6 M. HU 02 (N 03)3 is not extracted by amine solvents. This interpretation 
has some analogies with that given by Ryan ( 9 > for the resin absorption of Pu(NC> 3 ) 4 . 
Therefore for a nitric acid solution of uranyl nitrate the following equilibria can be 
written: 


U 0 t + -FN 0 ;—U 0 2 N 03 

(equilibrium constant K{) 

( 2 ) 

UO 2 NO 3 +NOJ -r-k U0 2 (N0 3 ) 2 

( 

„ K 2 ) 

(3) 

uo 2 (no 3 ) 2 +no 3 ^ uo 2 (No 3 ); 

( „ 

„ * 3 ) 

(4) 

U0 2 (N0 3 )I+H + ^ HU0 2 (N0 3 ) 3 

( „ 

„ K 4 ) 

(5) 


,w J. L. Ryan, J. Phys. Chem. 64, 1375 (1960). 
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Taking now into account the concentration of nitrate ions in a nitric acid solution 
(Fig- 3) <10> And the related formation of undissociated nitric add at increasing add 
concentration (Fig. 4)01> an additional equilibrium yielding can be 

conceived: 




Fio. 4.—Concentration of associated nitric acid in aqueous nitric add solutions. 

(i0> G. C. Hood, O. Redlich and C. A. Reilly, J. Chem. Phys. 22, 2067 (1954). 

T. J. Collopy and S. H. Cavendish, J. Phys. Chem. 64, 1328 (1960). 
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U0,fN0,) 2 +HN0 3 HUQrfNQ* (equilibrium constant K s ) (6) 

Reactions (5) and (6) are important at high nitric add concentration and they 
J?* fonritton of « »car«ly «*■*!* uranium compter: m du. way the 

behaviour of £2 »in Fig, 1 can be explained. 

If this is correct, one should expect no decrease of the uranium partition co¬ 
efficient when E°n is plotted vs. the nitrate ion concentration at constant (low) 
aqueous acidities’ Actually (Fig. 5) this expected behaviour is verfiied both for the 



Fig. 5.-O— The extraction of U(V1) by 10 v/o TLA in xylene with 

Ca(N 03>2 as salung agent (0-9 M HNO 3 ). 

— x — The extraction of U(VI) by Dowex 1 with Ca(NO})s as 
salting agent (0 ■9 M HNO3). See experimental for conditions. 

amine and for the resin extraction when caldum nitrate is the source of nitrate ions. 

A less qualitative explanation of the uranium extraction behaviour can be given 
if the two different cases are considered: metal nitrates or nitric acid as a source of 
nitrate ions. 

(а) Ca (N0 3 ) 2 as a source of nitrate ions 

The uranium partition coefficient £° v = U org/U aq, when reactions (5) and 

( б ) are negligible can be easily derived: 

Ev — fo^NOj 1 CR3NHN03 yl ^ ^ 

where k = K-K-^K^K^ and 

\/A = 1 + K x c NOT (n w ) 2 4- K x K 2 c* noj {n. l ,) i +K l K 2 K i c* im T(JlJ* 

where (Uyi)j with j ?= 2, 3,4 are the products of the activity coefficients of the species 
involved in equilibria (2), (3) and (4). 

From reference ( 8 ) K x = K 2 ~ 0-04 and R 3 = 0’32 and assuming that these 
values do not change substantially at different ionic strength, the role played by 
A in equation (7) can be neglected since its value approaches one. 
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A log-log plot of Ejj vs. c N0 j yields a straight line (Fig. 6) whose dope is 2 in 
agreement with equation (7), supposing y, = l.A log-log plot of JSu vs. the amine 
concentration (Fig. 7) gives another straight line, the slope being 1-1. 



1-0 10 

NOj (M) 

Fig. 6 .-O— The extraction of U(VI) by 10 v/o TLA in xylene. Ca(NOj ) 2 

as salting agent (0-5 M HNO 3 ) 

— x — The extraction of U(VI) by Dowex 1: Ca(NOj) 2 as salting 
agent (0 5 M HNOj). See experimental for condition. 



Fra. 7.—The extraction of U(VI) from 4 M HNOj. 
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This means (equations 1 and 7) that uranium is extracted as UO 2 CNO 3 ); and n of 
equation (7) is equal to one. In addition, the plot in Fig. 7 allows to compute k by 
extrapolation at c RjN = 1 ; this value is affected by the lack of information on the 
activity coefficients and by the uncertainty on the variation of K\, K 2 and iST 3 at 
different ionic strength. For this reason we prefer to consider it as an experimental 
value depending on uranium and nitrate ion concentration. 

(b) HNO 3 as a source of nitrate ions 

When the source of nitrate ions is nitric acid equation (7) is valid only below 
6 M, when reactions (5) and ( 6 ) are negligible. Above 6 M nitric acid reactions ( 5 ) 
and ( 6 ) cannot be neglected and a corrective coefficient which takes care of equilibria 
(5) and ( 6 ) must be introduced into equation (7) to re-establish its validity. 

A log-log plot of E v vs. the amine concentration at different aqueous nitric acid 
concentration gives straight lines whose slope are collected in Table I. Since the 
slope is n number of amine molecules per mole of uranium present in the organic 
phase, Table 1 shows that, within the experimental error, this number decreases at 

Table 1 .—Slopes of loo-log plots op Eu vs. the amine concentration at 
DIFFERENT AQUEOUS HNOj CONCENTRATION (2 X 10 _ 3 M U) 


Aqueous HNO 3 (M) 

Slope 

0-5 

1-73 ±0-1 

10 

l-54±0-l 

r 4-0 

1-3810-1 

60 

1-43+0-1 

8-0 

1-38+0-1 

11-0 

1-45+0-1 


increasing acidity in the range 0-4 M and levels off above 4 M. Data in Table 1 

rt cnnl ^ if 2Xl °"! M Uranium ' If to ura ™ concentration is increased 
at constant (6 M) nitnc acid, a further decrease of the slope is noticed on the same 
log-log plot. Data are collected in Table 2. 

TABLE 2 "^L PES ° F UXJ-LOG plots of E u vs - ™ amine concentration at 
Different aotipdifc rm * vm t»# — - --- *~ . * .. . 


Aqueous U (M) 

Slope 

2x10-3 

1-4310-1 

0-1 

1-4610-1 

0-5 

1-2410-1 

1-0 

1-15+0-1 


follovfaffor mrinmum? -rad uranium concentration on the value of n are the 
itSrftbS ta Mow °' 1 M • a 14; dong this range 

hjtlrolyaeti uraninn, mTS S' STlT '°T* 

e ract tnat ft is 1*4 suggests an extraction 
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mechanism based on the exchange of one or more complexes whose average charge is 
1 - 4 . The existence of these anion complexes is related to the value of NOj/U ratio. 
A decrease of this ratio reduces n to one, as requested by the exchange reaction: 

U0 2 (N0 3 )i+[R 3 NH + N0i] 0 - [R 3 NH + U0 2 (N0 3 )iT+N0i. 

The effect of uranium and nitric acid concentration on is shown in Figs. 
8 and 9. In the range of low uranium molarities, is constant and its value depends 
only on the nitric acid concentration (Fig. 8 ). 
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Fro. 8.—Extraction isotherms of U(Vi) by 10 v/o TLA in xylene in a low 

uranium cone, range. 

At higher uranium concentration E v decreases probably due to the variation 
the activity coefficients. This behaviour of E v is related to the acidity as shown 
Fig. 9, in agreement with other results <5> The progressive disappearance of the 



U (q/1) aq 


Fro. 9.—Extraction isotherms of U(VI) by 10 v/o TLA in xylene for different 
values of aqueous HNOj cone. 
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maximum of Ey at high U concentration (Fig. 10) indicates a solvent saturation for 
an amine/uranium ratio of approximately two. 



hno^m) 


Fio. 10.—Uramum(VI) extraction by 10 v/o TLA in xylene. Diiferent curves 
refer to different values of initial uranium aqueous cone. 

When uranium enters the organic phase, some nitric acid is displaced from the 
organic into the aqueous. This is shown by the nitric acid extraction isotherms at 
different U concentration in Fig. 11. Since the decrease of HNO 3 in the organic 



Aqueous hno 3 (m) 

Fio. 11.—The effect of uranium aqueous concentration (initial) on the HNO 3 
extraction by 10 v/o TLA in xylene. 
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phase is not balanced by a parallel increase of uranium there is no direct competition 
between uranium and nitric acid in the extraction.' This is shown by the variation 
of El hnot at increasing uranium concentration (Fig. 12). 



Aqueous U(m) 

Fig. 12.—The effect of uranium aqueous concentration (initial) on the HNOj 
extraction by 10 v/o TLA in xylene. 


Some interesting facts have merged in an investigation on the absorption spectra 
of the uranium extracted in the organic phase. The trinitrato uranyl complex of 
TLA shows well defined absorption peaks at 426, 440, 454 and 470 m/i (Fig. 13). 
The molar extinction coefficients e are collected in Table 3; they are not influenced 
by even large variation of nitric acid concentration in the organic phase. 

If solid uranyl nitrate hexahydrate is dissolved in a TLAHN0 3 solution, the 
spectrum and the e values show exactly the same behaviour (Fig. 13). Also in this 
case no frequency modification arises in the spectra if the acidity of the organic 
solution is largely increased. 

In both cases the presence of an anionic type uranium complex is certified by 
the exchange of organic uranium on solid anion exchange resins. This fact supports 
the hypothesis that solid UNH is dissolved in the amine phase with the following 
reaction: 


U0 2 (N0j) 2 org +n[R 3 NH + NOi]° [(RjNH^UOj^ 0 (8) 

where U0 2 (N0 3 ) 2 ors is supplied by the solubility of UNH in the organic phase. 

The following equilibrium relation (K s including the solubility of UNH) applies? 
to reaction (8): 


log [(R 3 NH + ) b U0 2 (N0 3 )2^3 0 = log K,+n log [R 3 NH + N03‘ 
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Fio. 13.—The absorption spectra of U(VI) solution in 10 v/o in xylene. 

The dotted line refers to an organic phase loaded in uranium by 
extraction. 

The full line refers to an organic phase in which solid UNH has been 
dissolved. 

The corresponding optical densities are respectively under D(e) 
and ZKd). 



Fio. 14.—Solubility of solid UNH in xylene solutions of TLA. Organic phase 
was previously treated with 6 M HNO 3 . 

A log-log plot of the organic uranium concentration vs. amine concentration 
yields a straight line (Fig. 14) whose slope rt is the number of negative charges of the 
UOaCNOj^J,, anion. To obtain the organic uranium concentration the oc-activity 
due to added 2J 3U tracer was measured; n resulted l-l±(M. 
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In conclusion the solubility of solid UNH in an amine solvent yields an organic 
uranium system identical to the one obtained by the extraction of uranium from 
aqueous solutions. Therefore a solubility investigation affords a suitable way to 
obtain first hand information on the effect of the organic phase composition on 
uranium extraction. The plot in Fig. 15 shows clearly that the presence of nitric add 
in excess in an organic solution of TLA nitrate has negligible effect on the uranium 
extraction. This result contributes further evidence to minimize the role plaid by 
the presence of free nitric acid in the organic phase on the behaviour £^; this is 
prindpally determined by the aqueous complex chemistry of uranium. 

Table 3 .—Molar extinction coefficients of U in 
10% TLAHNO 3 IN XELENB 



e (mole/ 1 .) 

426 

15-0 

440 

18-5 

454 

26-0 

470 

13-0 



Fig. 15. —Solubility of solid UNH in 5 v/o TLA in xylene. The organic 
solution has been previously equilibrated with increasing concentration of 

aqueous nitric acid. 
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EXTRACTION OF TETRA- AND HEXAVALENT 
ACTINIDES FROM HYDROCHLORIC ACID BY 
TRI-w-OCTYLAMINE IN XYLENE* 

W. E. Keder 

Hanford Laboratories Operation, General Electric Company, Richland, Washington 

(Received 2 October 1961) 

Abstract —Distribution data for extraction of the tetra- and hexavalent actinides from 
hydrochloric acid by tn-n-octylamine (TOA) solutions are reported and the spectra of the 
extracted complex ion species are shown. The hexachloro complexes of the tetravalent 
metals are found to extract. The data also indicate the extraction of the tetrachloro actinyl 
ions, but the identity of these ions is not fully established. 

The extraction of metal ions from acid solutions by trialkylamines has received 
considerable attention in the past few years, and has been used in various separation 
processes and analytical techniques. This work has been reviewed recently in a 
monograph by Moore/') Several studies have considered the mechanism of this 
extraction and attempted to identify the extracted metal complexes, a- 151 The 
extraction process appears to occur by a mechanism similar to that of the absorption 
of metal ions by anion exchange resins and can be considered the replacement of the 
anion of the trialkylammonium salt by a complex anion containing the metal. The 
complex ion species extracted by the amine has sometimes been found to be different 
from that absorbed from the same aqueous solutions by anion exchange resins, 
however/ 161 

Attempts to identify extracted metal ion species have usually been made either 
by determination of metal to amine loading ratios or by measurement of amine 

* Work performed under contract No. AT(45-1)-1350 for the U.S. Atomic Energy 
Commission. 

<» F. L. Moore, NAS-NS-3101 (1960). 

«> W. J. McDowell and C. F. Baes, Jr., J. Phys. Chem. 62,777 (1958). 

(3) C. F. Coleman, K. B. Brown and J, G. Moore, Proceedings of the Second International 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958, P/510, Vol. 28, p. 278, 
United Nations (1959). 

(4 > U. Schindewolf, Z. Elektrochem. 62, 335 (1958); CEA-TR-A-529 (French); NP-TR-254 
(English). 

(3) C. Boirie, Bull. Soc. Chim. France, 980, 1088 (1958). 
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(1) D. J. Carswell and J. J. Lawrance, J. Inorg. Nucl. Chem. 11, 69 (1959). 

u) V. B. Shevchenko, U. S. Shmidt and E. A. Mezhov, Russ. J. Inorg. Chem. 5,929 (1960). 

191 M. L. Good and S. E. Bryan, J. Amer. Chem. Soc. 82, 5636 (1960). 

(l0 > W. E. Keder, J. C. Sheppard and A. S. Wilson, J. Inorg. Nucl. Chem. 12, 327 (1960). 
<u) A. S. Wilson and W. E. Keder, J. Inorg. Nucl. Chem. 18, 259 (1961). 

1121 W, E. Keder, J. L. Ryan and A. S. Wilson, /. Inorg. Nucl. Chem. 20, 131 (1961). 

(n> J- M. White, P. Kelly and N. C. Li, J. Inorg. Nucl. Chem. 16, 337 (1961). 

(U| K. Van Ipenburg, Rec. Trav. Chim. 80, 269 (1961). 

(15) W. Knoch, Z. Naturforschg. 16 a, 525 (1961). 

(16) J. L. Ryan, J. Phys. Chem. 65, 1099 (1961). 


561 



562 


W. E. Keder 


concentration dependence of extraction and results have not always agreed or been 
reasonable. In previous work in this laboratory actinide ion species which extract 
from nitr ic acid solutions into tri-n-octylamine were identified by comparison of 
absorption spectra of their amine solutions with spectra of salts containing known 
anions.' 10 " 121 Good and Bryan® 1 have demonstrated the extraction of tetrachloro 
ferrate(III) into amine solutions from hydrochloric add by spectral measurements, 
also. This technique appears to be reliable in the cases of ions whose absorption 
spectra are not greatly affected by environment outside the first co-ordination sphere 
In the present paper a study of the extraction of the tetra- and hexavalent 
ac tinides from hydrochloric acid is reported. Spectra of the chloro complexes 
extracted have been measured and are compared with the spectra of known species 
when these are available. 

Amine extraction of metals from hydrochloric acid has been variously studied 
in the past.* 11 Coleman et al.w have shown the extraction of uranyl chloride and 
they mention that the amine extraction of many other metals from HC1 solutions 
parallels their sorption by anion exchange resins. Other studies of extraction of the 
actinides from HC1 have been made by Bizot and Trbmillon* 61 on uranium(VT); 
by Shevchenko et a/.<*> on plutonium(III) and (IV), and by Moore* 171 on uranium(VI), 
plutonium(VI), and protactinium(V). Cerrai and Testa* 181 have described the 
separation of zirconium and hafnium from HC1 by TOA, while the extraction of 
iron(III) in the same system has been studied by Good and Bryan® 1 and by White 
et a/.* 131 Nakagawa has reported studies of extraction of a large number of metals 
from HC1 by a long chain secondary amine.* 191 

EXPERIMENTAL 

Amine solutions for extraction experiments were prepared volumetrically from the 
same amine used previously* ><» and Baker’s reagent grade xylene. These solutions were 
contacted three times before use with equal volumes of appropriate concentrations of 
hydrochloric acid. The TOA used in preparation of solutions for absorption spectra 
measurements was purified by Woo man and Wilson 1201 and was very nearly colourless 
Distribution experiments were carried out in the manner described previously and most 
extractions were followed by one or more back extractions to eliminate extraneous, non- 
extractable a-emitters and to check oxidation state purity. Neptunium(VI) and plutonium(VI) 
were prepared by ozone oxidation in chloride solution. Uranium(TV)-238 was prepared by 
zinc a m alga m reduction in hydrochloric acid solution and uranium(TV) was determined 
spectrophotometncally. All other analysis were by a-counting 233 U, 237 Np or 239 Pu. 
Extractions of Np(VI) and Pu(VI) were performed as rapidly as possible to avoid the 
necessity of correcting for reduction. Absorption spectra of TOA solutions which were 
extracted from 4 M HC1 showed that appreciable reduction of neptunium(VI) took place 
in one day's time and noticeable reduction of plutonium(VI) took place in two weeks’ time 
Spectrophotometric measurements were made with a Cary Model 14 spectrophotometer 
and the spectra reported are photographs of the curves obtained. 

RESULTS AND CONCLUSIONS 

The extraction of a metal anion by organic-soluble trialkylammonium salts can 
be represented by the equation: 

zR 3 NH-A+M^+yA- ^(riNH).-M(AU, (1) 

<17) F. L. Moore, Analyt. Chem. 27, 70 (1955); 29,1660 (1957); 30, 908 (1958). 

< 181 E. Cerrai and C. Testa, Energia Nucleate 6, 707, 768 (1959). 

< J9) <3. Nakagawa, Nippon Kagaku Zasshi 81, 444, 446, 747, 750, 1258, 1533, 1536 (1960). 
1101 A. S. Wilson and N. Wogman, J. Phys. Chem. In press. 
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where the underlines species are those present in the organic phase, M is the actinide 
ion whose charge is y when uncomplexed, and A~ is the anionic ligand. The equilibrium 
constant K is given by the following expression: 


[( R 3 NH) X -M(AU,3 

[M' + ][A-HR 3 NH-A]* 


( 2 ) 


where the quantities in brackets represent concentrations and J represents the 
corresponding activity co-efficient quotient. Assuming that J is consthnt, it is 
possible to write the following expression which relates the distribution ratio 
D (the ratio of organic to aqueous metal concentrations) to the equilibrium quotient K'\ 


r ... [RjNH-AltA-r 

r WA-]- 


where n is the number of ligands associated with the metal ion in each aqueous species 
present and /?„ denotes their respective cumulative formation constants. If ligand 
concentration is held constant, D will vary only as the 2 th power of the free amine 
concentration and the charge on the extracted metal complex will equal — z, provided 
J remains constant. In the previous work the M0 2 2+ species extracted from nitric 
acid could not be identified from the amine dependence in this way. (10-12> In fact, 
amine dependencies varying from 0-5 to 1-5 have been found for extraction of 
uranium(VI) from nitric acid, depending on the diluent used for the amine. 110 - 15 > 21) 
Others have found a similar discrepancy in the case of extraction of iron(HI) from 
hydrochloric acid. <9 - 13> Whether or not changes in the activity coefficient quotient 
are responsible has not been established. In the present work amine dependencies 
for extractions from HC1 solutions have been determined and comparison of the 
results with spectra of the extracted ions has again been made. 


Extraction of tetravalent actinides 

The results of experiments in which tetravalent uranium, neptunium, and 
plutonium were distributed between TOA-xylene and varying concentrations of 
hydrochloric acid are shown in Table 1 and Fig. 1. The extractability of plutonium(IV) 
is seen to be much greater than that of uranium(TV) and neptunium(IV). This would 
be expected from the work m which Ryan* 22 * found from absorption spectra that the 
hexachloro complexes of uranium(IV) and neptunium(IV) are not detectable in 
12 M HC1 while plutonium(IV) is probably 75% PuCl^ 2- in the same solution. 

In Table 2 and Fig. 2 distribution ratios are shown for extractions of these metals 
from constant HC1 concentrations at varying TOA concentrations. The slope of 
the log D vs. log (% TOA) plot is very nearly two in each case, which indicates that 
the extracted species are MC1 6 2- ions, as discussed earlier. Figs. 4-6 show photo¬ 
graphs of absorption spectra of these metals in TOA solutions extracted from 6 or 
9 M HC1. The extracted species may be identified as MCI^ 2- in each case by com¬ 
parison of these spectra with those of the solid tetraethylammonium salts of the 
hexachloro metal(IV) complexes obtained by Ryan< 22 > and by Gruen and McBeth. 1231 

<12) A, S. Wilson. Private communication (1960). 

{U) J. L. Ryan, J. Phys. Chem. 65, 1856 (1961). 

U3) D. M. Gruen and R. L. McBeth, J. Inorg. Nuel. Chem. 9, 290 (1959). 
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Table 1._ Distrib ution ratios fob extraction from HC3 with TOA in xylene 

.-™— Distribution ratios 


HC1(M) 

U(IV)* 

Np(IV)* 

Pu(IV)t 

ucvpt 

Np(VI)t 

Pu(VI)t 

10 




0-031 


0-032 

2-1 




0-29 


0-22 

3-1 

002 

0-009 

0-017 

1-43 


2-4 

4-2 

0-02 

0-13 

0-89 

7-1 

9-1 

14 

5-6 

0-26 

2-8 

19 

15 

19 

48 

6-3 

0-78 

18 

55 

21 

22 

82 

7-7 

5-6 

40 

150 


18 

92 

8-7 

16 

110 

300 

17 

13 

44 

100 

45 


350 

7-5 

9 

15 



* 10% TOA 


11-0% TOA 





f ra - , -~ ExtI ' action of IXPO and Np(IV) by 10% TOA and Pu(IV) by 1-0% TOA 
from HQ solutions. Note: Ordinates are adjusted two orders of magnitude apart 
on the basis of the results shown in Fig. 2. 
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Table 2.— Extraction from 4-2 M HCJ with TOA in xylene 


Distribution ratio 


TOA(%) 

U(IV) 

Np(IV) 

Pu(IV) 

U(VI) 

Np(VI) 

PuCVI) 

010 



0 0022 

0-037 


0-094 

0-30 



0-044 

, 0-36 

1-3 * 

1-00 

050 




0-97 

3-2 

' 3-20 

100 



0-72 

4-56 

2 

14 

2-5 


0-042 

5-3 

38 

62 


50 


0 042 

19 

148 

125 
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Fig. 2. —Extraction of tetra- and hexavalent uranium, neptunium, and plutonium 
from 4 M HC1 as a function of TOA concentration. 
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Fig. 4.—6-0 x 10~ 2 M uranium(IV) in 10% TOA solution extracted from 6 M HQ. 
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Fig. 9.— 3-9x10-2 M plutomum(VI) m 10% TOA solution extracted from 4 

MHC1. 


Absorption spectra of the hexavalent actinides in TOA solutions extracted from 
4 M HC1 are shown in Figs. 7-9, but a spectrum that would provide identification of 
any of these ions by direct comparison has not been published. That of uranium(VI) 
chloride in TOA has been reported previously by Bizot and Tremillon (6 > and 
attributed by them to the UO 2 CI 4 2 " ion on the basis of a TOA/U ratio of two, 
obtained on extraction from concentrated uranium solutions. The spectrum of a 
petrolatum mull of solid anhydrous CS 2 UO 2 CI 4 is quite different from that of the 
TOA solutions though, which might be taken to indicate incorrect identification of 
the species in amine solutions. Ryan has found recently, however, that both of these 
spectra are due to the anhydrous UO 2 CI 4 2 - ion. He has studied the alkylammonium 
salts of uranyl chloride extensively in connection with his ion exchange studies and 
will discuss the two spectral species of UO 2 CI 4 2- in a forthcoming publication.* 24 ’ 
All evidence then indicates that the tetrachloro complexes of the hexavalent actinides 
are the species extracted by TOA from hydrochloric acid. 

Acknowledgement —The author wishes to thank J. L. Ryan who prepared some of the 
actinide stock solutions and adjusted their valence states and Mrs. W. G. Artman who 
performed most of the distribution experiments. 

(J4) J. L. Ryan,-/. Phys. Chem. To be published. 
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Abstract—The extraction of samarium and ytterbium from solutions of lanthanon con¬ 
centrates with sodium amalgam has been studied, using a dropwise extraction procedure. 
The reproducibility of the method has been established. Extraction of these elements 
depends on the samarium or ytterbium content of the lanthanon concentrate used, and 
also on the pH of the solution. Under certain conditions marginal quantities of other 
lanthanons are extracted. 

Mech anisms of the reaction are discussed. 

About thirty years ago, rare earth amalgams were carefully studied as a route for the 
isolation of the rare earth metals. They were prepared by the electrolysis of aqueous 
solutions of lanthanons, using a mercury cathode. Only a limited number of amalgams 
could be prepared in this way (e.g. La, Nd, Sm), although the range could be extended 
by using anhydrous ethanol as a solvent.* 1 ) McCoy was the first to show that alkali 
metal amalgams would react with aqueous lanthanon solutions* 2 ) and he was able 
to extract europium and ytterbium from mixed lanthanons by treatment with a 
potassium amalgam. This observation was followed up by Marsh, who developed 
important methods for extracting samarium, europium and ytterbium from lanthanon 
solutions by reaction with sodium amalgam.< J - 6 > 

If sodium amalgam was shaken with a neutral lanthanon solution, hydroxides 
were precipitated. However, by making controlled additions of acid to the solution, 
it was possible to prevent precipitation of the hydroxides and also to extract significant 
quantities of lanthanons to the amalgam phase. Control was simplified by using a 
buffered system. 

The preferred method was to shake together in a separating funnel sodium 
amalgam and a lanthanon acetate solution. Short contact periods were used (e.g. 
1-5 min), and acetic acid was added periodically to prevent hydroxide precipitation. 
At the end of the extraction period the amalgam phase was separated and any 
extracted lanthanons recovered by treatment with hydrochloric acid. Marsh showed 
that samarium and europium were preferentially extracted from mixed light earths 
under these conditions. However, if an excess of amalgam was employed, then some 
of the neighbouring elements tended to be extracted (e.g. La, Pr, Nd). Ytterbium was 

(1) E. Jukkola, L. Audrieth and B. Hopkins, J. Amer. Chem. Soc. 36, 303 (1934). 

(2) H. N. McCoy, J. Amer. Chem. Soc. 63, 1622 (1942). 

(3) J. K. Marsh, J. Chem. Soc. 398 (1942). 

<4) J. K. Marsh, J. Chem. Soc. 523 (1942). 

5 J- K. Marsh, J. Chem. Soc. 8 (1943). 

J - K. Marsh, J. Chem. Soc. 531 (1943). 
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gjnularly extracted preferentially from its neighbouring elements, but, unlike the light 
earths, these could not be extracted by using an excess of amalgam. During the 
extraction process, sodium ions accumulated in the aqueous phase. These were 
found to reduce the efficiency of the extraction process to a point at which sodium 
elimination became necessary. 

Batchwise extraction is not easy to control, and has been found to give widely 
divergent results in the hands of different operators. The evidence suggests that the 
reaction is controlled by the area of the amalgam-solution interface, and large 
differences have been found in the rate and extent of extraction under differing 
conditions. Thus, while Marsh recommended short extraction times and vigorous 
shaking, Moeller and Kremers found a maximum extraction of ytterbium in 
15-20 min when solution and amalgam were stirred together.^ 

This lack of reproducibility is a serious handicap in studying the reaction 
quantitatively. There are certain similarities in technique between extraction with 
amalgams and with organic solvents. A dropwise method of extraction has therefore 
been examined, and its reproducibility established. Initially, the extraction of 
samarium and ytterbium from a number of lanthanon concentrates has been examined 
This work forms the first part of an investigation into the mechanism of amalgam 
extraction. While some features of the extraction process have been clarified, it is 
evident that the systems used here are too complex for elucidating the detailed 
mechanism, and a further study is being made of simplified model systems. 

EXPERIMENTAL 

Preliminary examination. When a dilute sodium amalgam (0-3 per cent) was dropped 
through a 50 cm layer of neutral lanthanon solution (chloride, nitrate or acetate), hydroxides 
were precipitated. Precipitation was prevented by adding the appropriate acid, but this 
caused considerable hydrogen evolution through direct reaction of acid with the amalgam 
The most suitable compromise was the use of acetate salts and acetic acid. When varying 
quantities of a sodium amalgam were dropped through constant volumes of an acidified 
lanthanon acetate solution (IJI 2 O 3 55 g/1.; Sm 2 C >3 20'0 per cent; initial pH 4-0), lanthanons 
were extracted by the amalgam in proportion to the quantity of amalgam employed. 

Materials. Six lanthanon fractions were examined. Four of these (A, B, C, and F) 
were isolated from more complex mixtures by ion-exchange chromatography. Sample 
D was isolated from a xenotime mineral by caustic fusion, leaching the melt until free from 
phosphate, and dissolving the residual hydroxide in hydrochloric acid. This solution was 
boiled and filtered, and the mixed lanthanons were isolated as the oxalates. The remaining 
material (E) was obtained from the xenotime extract by repeated sulphate precipitation 
from boiling solution; this treatment is stated to remove the light lanthanons.* 8 * Analysis 
of these materials is summarized in Table 1. 

Neutral acetate solutions were prepared by heating a small excess of oxide with acetic 
acid overnight and filtering off the excess. Solutions were standardized gravimetrically by 
oxalate precipitation, followed by ignition to the oxide at 850° C. 

Sodium amalgam. Concentrated amalgams (0*5—1 % Na) were prepared by direct 
addition of mercury to molten sodium protected by a layer of medicinal paraffin. The 
paraffin was washed off by light petroleum, followed by acetone. After dilution with 
mercury, further washing was given in alcohol, water and finally a second alcohol wash. 
The product was stored in polythene containers. 

All mercury was purified by aeration under acid ferrous sulphate solution. It was 
washed in nitric acid (1 -5 N) followed by water, and was finally vacuum distilled. After use 
in a lanthanon extraction experiment, the acid and water washing steps were repeated. 

(7> T. Moeller and H. E. Kremers, Arniyt. Chem. 17, 798 (1945). 

(8> v - Shaw > D ' Bauer and J. Gomes, U.S. Bureau of Mines, Rfl 5521 (1959). 
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Amalgam concentrations were determined by s h a king , a known weight of amalgam 
with an excess of standard hydrochloric acid and back-titrating the excess acid with caustic 
soda. 

Lanthanon analysis. The composition of a number of the materials was determined 
spec tro photometrically, using a Beckman model D.U. instrument with a photomultiplier 
attachment. The instrument was calibrated with chloride solutions of pure earths (> 99 9 
per cent), using the slit-widths and wavelengths recommended by Banks and Kljnoman (si 
Gadolinium and terbium were determined on a Carey spectrophotometer.* 1 ®) Europium 
and ytterbium were estimated polarographically, using a cathode ray instrument (Southern 
Instruments); the method employed was essentially that of Latitnen and Taebel.<U) 
A number of amalgam extracts were examined spectrographically, using a JarreU-Ash 
grating instrument. The methods used were those of Fassel* 11 * and the “iron-flux” 
method.* 13 * 

Extraction apparatus (Fig. 1). The extraction columns were 100 cm long and 2 cm in 



Fig. 1 . —Extraction apparatus. 


8 T d,a J neter capillary U-tube, which formed a syphon. A side- 
arm and tap was provided above the syphon to admit nitrogen for stirring. In most of the 
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,h ' b °“ om * ,he “ d “” !ideraWs 
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(1952). ’ H ‘ C °° K ’ L ‘ C ‘ Krotz and p - w - Kehres, SpectrochimActa 5, 201) 

* 13> Springfields Chemical Services, Method No. 357 (1954). 
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So diu m from a reservoir flowed from a capillary into the oolumn of solution. 

The flow-rate was controlled by inserting a length of nkhrome wire into the upper part of 
the capillary. For investigating the effect of amalgam drop size on the extracdon,capfl]aries 
of varying diameter could be attached to the end of the control tube with a P.V.C. sleeve. 
Before use, the reservoir was carefully cleaned and dried. To prevent blockage of the 
capillary with sodium oxides, the surface of the amalgam was kept covered with a small 
volume of dry alcohol. This was very effective, and tests showed that a negligible amount 
of sodium (< 0-5 per cent) was consumed during an experiment. 1 

Procedure. The syphon of the extraction tube was filled with purified merdury, and a 
measured volume of lanthanon solution, of the required pH, was transferred to the extraction 
column. Nitrogen for stirring was admitted through the side-arm. A weighed quantity of 
sodium amalgam was dropped through the solution at a controlled rate. The rare earth 
amalgam formed was syphoned off from the extraction column and passed through a small 
water wash column (IS cm deep), also fitted with a syphon, to a receiver. At the end of an 
experiment, pure mercury was discharged rapidly through both columns to displace the 
remaining rare-earth amalgam. 

Lanthanons in the amalgam phase were recovered by heating overnight on a hot-plate 
with 2 N hydrochloric acid. After removing traces of mercury as sulphides, the lanthanons 
were recovered as oxalates by adding an excess of oxalic acid and adjusting the pH of the 
solution to 2 0. The pH of the extracted solution was determined, and material balance 
was checked by recovering the residual lanthanons as oxalates; two precipitations were 
made to minimize sodium occlusion. 

Examination of amalgam drop sizes. Drop sizes of sodium amalgams were examined 
over a range of flow-rates, and using a series of jets of varying diameter. These were deter¬ 
mined by direct observation, using a microscope with an eyepiece graticule. An interrupted 
light source was provided by a Strobotorch (Dawe Instruments Ltd.). The apparatus was 
calibrated with pure mercury. 

RESULTS AND DISCUSSION 
Amalgam extraction technique 

1. The reaction of sodium amalgam with hydrogen ions. Preliminary experiments 
had shown that there was some evolution of hydrogen during the extraction of 
samarium solution with sodium amalgam. Quantitative data were obtained by 
treating acid and buffer solutions in the extraction apparatus with varying quantities 
of dilute (OT-O-2% Na) amalgams. 

In water or 1 N electrolyte solutions, reaction was slight, and the caustic soda 
concentration, after passage of amalgam, rarely exceeded 0-005 N. Hydrochloric 
and acetic acids were completely neutralized with evolution of hydrogen, and the 
final solutions again contained approximately 0-005 N sodium hydroxide. Buffer 
solutions in the pH range from 3 to 5 were not neutralized unless a large excess of 
amalgam was used. When less than stoicheiometric quantities of sodium were used, 
the sodium consumption varied with the pH of the solution. 

If the extraction column was not packed, and a similar depth of liquid used, less 
reaction was observed under comparable conditions. Thus, strong acids were not 
neutralized unless a large excess of amalgam was used. Reaction of the sodium thus 
depended on the hydrogen ion concentration of the solution and on the residence 
time of the amalgam in the extraction column. In a packed column containing 100 
ml of solution, the drop residence time was 5 sec, and less than one tenth of this in 
absence of packing 

2. Reproducibility of extraction procedure. A variety of tests was mad* of the 
method of extraction. 
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(a) Extraction of samarium acetate; effect of column packing. A solution of 
the samarium concentrate B was adjusted to pH 3-9 by adding ION acetic acid 
Fifty ml or 100 ml portions of this solution were extracted with varying quantities 
of a 0-204 per cent sodium amalgam, which was added at 100 g/min from a H 7 mm 
diameter jet. Extraction was compared using either a packed column or free fall 
the liquid depths in the four cases were 45, 71, 19 and 42 cm, respectively. Results 
are summarized in Fig. 2, scaled to a common solution volume. 



Fio. 2 . Extraction of samarium under varying conditions. 


ama^uZfvn Tl ^ th ® extraction was linear with quantity of 

Doint nmnnrf' f P i r 0601 ° f the samarium had been extracted, but beyond that 
soTution No nH y m °r e Samanum was extrac *d from the smaller quantity of 
100 ml Until 75 m ^ uivS 0f sodi -/ 

T ndit i° nS , Were Used ’ ^traction varied with the depth of liquid. 
IJIJ! *2 “T 1CSS Samarium was extracted in a corresponding 

ZZmZteJeZ r bUt With a 100 1111 8affi P le 1116 initial faction 

extraction became Ie« pffi P ? r . ° ent of the samarium had been extracted the 
under fZ^U ccnHT c ’ tnd bCy ° nd *** point less barium extracted 

S i^Sents S ° me SOdiUm ^ f ° Und ln the samari - 



The extraction of ianthanons with alkali metal amalgams—I 


577 


(b) Flow-rate and amalgam dispersion. A number of extraction experiments 
wete carried out at a fixed solution-sodium ratio.’ A volume of solution B, either 
50 ml or 100 ml, was extracted at a range of flow rates (50 g/min to 250 g/min) using 
either free fall or a packed extraction column. Under fixed conditions individual 
extraction experiments were duplicated to within 1 per cent. 

Results obtained under free-fall conditions confirmed the behaviour shown in 
Fig. 2. In general, extraction was decreased if thd amalgam flow-rate increased, or 
if a smaller liquid volume was used. Thus, the amount of samarium extracted from 
100 ml of solution decreased by 20 per cent when the flow-rate was increased from 
100 to 250 g/min. These effects were clearly due to a reduction of the contact time in 
the extraction column. If a packed extraction column was used these variations were 
smaller and in the opposite sense. Extraction was increased either by using a smaller 
extraction volume or by increasing the amalgam flow-rate; a similar change in flow- 
rate increased the samarium extraction by 10 per cent. 

The effect of amalgam dispersion was studied using a range of capillaries to form 
the amalga m drops. The capillaries varied in diameter from 0-4 mm to 2 mm, and 
gave amalgam drops varying from 0-7 to 2-9 mm in diameter. Little variation was 
observed in the quantity of samarium extracted, and within this range the dispersion 
of the amalgam was not an important factor. 

(c) Stability of the samarium amalgam. Samarium amalgam, prepared in the 
manner described above, was dropped through 50 ml or 100 ml of 1 N sodium 
acetate buffer solution (pH approx. 4-0), and the samarium content of the solution 
was then determined. Under free-fall conditions 2-5 per cent of the samarium was 
recovered from solution. Appreciably more samarium was recovered if a packed 
column was used, varying from 5 per cent with a 50 ml solution volume to 11 per cent 
with a 100 ml volume. This difference was sufficient to account for the higher extrac¬ 
tion observed initially under free-fall conditions (Fig. 2), and must be due to back- 
extraction of samarium from the amalgam by reaction with hydrogen ions in solution. 

The extraction of samarium by sodium amalgam can be explained by the following 
reactions: 

Sm 3+ + 3Na -*• Sm+3 Na + (1) 

or Sm 3+ +Na - Sm2++Na + ™ a Sm+3 Na + (2) 

The direct reaction of sodium with hydrogen ions and the back extraction of the 
samarium amalgam must also be considered, viz. 

2 Na+2 H + -> 2 Na + +H 2 T (3) 

2 Sm+6 H + -* 2 Sm 3+ +3 H 2 t (4) 

Clearly, the free-fall technique is unsatisfactory unless impracticably long 
extraction columns are used. Extractions in a packed column represent a compromise, 
since up to 10 per cent of the samarium can be back-extracted by reaction (4) above. 
However, if the technique is carefully standardized closely reproducible results can 
be obtained, and it appears to be the best compromise. In subsequent work, the 
amalgam flow-rate was standardized at 100 g/min, using a 1T7 mm diameter jet, 
and a packed extraction column was used. Under these conditions, the amalgam 
drop size was 2-5 mm. 
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The extraction of samarium . , . 

1. The effect of acidity on extraction. The two materials A and C were used f or 

this investigation. Hundred ml portions of solution A were adjusted to pH’s 0 f 
4*0, 3-75 and 3-3 by the addition of 8, 16 and 24 ml respectively of 10 N acetic acid 
These were extracted with varying quantities of a 0-31 per cent sodium amalgam m 
the manner already described. 

Samarium and europium determinations were carried out on the extracted 
residues. There was a decrease in the content of both elements as increasing quantities 
of amalgam were used, and over 90 per cent of these elements were extracted 
Spectrographic analysis showed the amalgam extract to contain only samarium and 
europium. Only small variations were found in the europium content, showing that 
there was no separation from samarium. The sodium content of both the residual 
solution and the amalgam was determined with a flame photometer. Results are 
summarized in Table 2 and Fig. 3 (lower curves). 



mj-equiv No (os Na-Hg) 


Fra. 3.—Extraction of samarium solutions with sodium amalgam. 
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replaced by more than an equivalent quantity of sodium ions. Thus, in the solution 
of i r**»l pH 4-0 (final pH 5*63), the final sodium content was 0-85 N, while in a 
more acidic solution (initial pH 3-30, final pH 5*65) it became 2*2 N. . . 


Tablb 2. 

—Extraction of solution a with 0-31 per cent sodium amalqam 




Extracted 





Na (as NaHg) 

Lni03 

Na in amalgam 

EuzOjin 

Initial pH 

Final pH 

(mg-equivs.) 

(mg-equivs.) 

(mg-equivs.) 

extract (%) 

4-0 

4-40 

33-7 

8-66 

0-1 

80 


5-06 

67-4 

14-7 

1-1 

8-2 


5-63 

101-1 

15-67 

15-4 

9-1 

3-75 

409 

33-7 

6-63 

0-1 

8-1 


4-50 

67-4 

10-68 

0-4 

8-5 


5-31 

134-8 

15-27 

4-2 

8-7 

3-30 

4-25 

67-4 

8-49 

0-5 

9-1 


4-82 

134-8 

12-78 

0-2 

9-1 


5-44 

202-2 

14-92 

2-4 

9-8 


5-65 

238-9 

15-97 

15 

9-3 


Similar extraction experiments were carried out with solution C. In this case, 
the pH’s of the solutions were adjusted to 4-2, 3-9, 3-6 and 3-4 before extraction. 
Solid lanthanon amalgams were obtained upon extraction with a 0-31 per cent 
amalgam, so a more dilute amalgam was used (0T1 per cent). Spectrographic 
analysis of the amalgam extracts showed them to contain only samarium and trace 
quantities of europium (< 0T per cent). The results are summarized in Fig. 3 
(upper curves). 

Lanthanon extraction was again found to increase with the quantity of amalgam, 
and over the initial part of the extraction a linear relation was found. The extraction 
became progressively less efficient as the initial pH of the solution decreased, and in 
each case there was a decrease in efficiency when about 75 per cent of the samarium 
had been extracted. In no case was it possible to recover more than 95 per cent of 
the samarium present, although several extractions were continued to a point at 
which slight lanthanon hydroxide precipitation was observed. 

It appeared possible that the incomplete samarium extraction might be due to 
the increase in pH of the lanthanon solution during extraction. This was tested by 
periodically re-acidifying the solution after treatment with 2 Kg portions of amalgam, 
and then continuing the extraction. In Table 3, the results of two experiments are 
compared with examples where no pH adjustment was made. 


Tabu 3.—Effect of re-acidifying solutions used in samarium extraction 
_(100 ML SOLUTION C, 011 PER CENT SODIUM AMALGAM)_ 




Extracted 



Ln 2 0 3 in 


Na (as NaHg) 

L.II 2 O 3 

Total extract 

continuous expt. 

Initial pH 

(mg-equivs.) 

(mg-equivs.) 

(mg-equivs.) 

(mg. equivs) 

3-60 

95-6 

95-6 

49.9 

15-55 

1 

J 

J.65-45 

68-7 

3-90 

95-6 

95-6 

50-85 

19-5 

1 

J 

^71-85 

73-8 


95-6 

1-5 
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The samarium extraction obtained was slightly but significantly lower than that 
where no pH adjustment had been made. A similar decrease in extraction efficiency 
was found when most of the samarium had been removed. In both types of experi¬ 
ment, no significant quantity of sodium was found in the extract until more than 
200 mg -cquivs. of amalgam had been used. 

The reactions taking place in the extraction column have already been described. 
The results in Fig. 3 show that the effect of increasing the acidity of the solution is to 
increase the consumption of sodium in the side reaction (3). However, a compromise 
is necessary since the buffering of lanthanon acetate solutions is very small above 
pH 5. 

There was a remarkable difference in the ease with which samarium was extracted 
from the three materials. This can be expressed quantitatively as the ratio of lanthanon 
extracted to sodium consumed. Taking comparable experiments from Figs. 2 and 3, 
the efficiencies over the initial part of the extraction curves were : A, 22; B, 47; C, 63 
per cent. 

2. The effect of solution concentration on extraction. Extraction of the two 
materials A and C was compared at lanthanon concentrations of 0-5 N and 0-25 N. 
The lanthanon acetate:acetic acid ratio used was 1:0-8 (pH’s A 4-0; C, 3-90), and 
100 ml portions were extracted with a 0*11 per cent sodium amalgam. The results 
are shown in Fig. 4. 



Fkj. 4.—Effect of solution concentration on samarium extraction. 
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The initial part of the extraction curve appeared to be characteristic for each 
material, over a fourfold range of concentration. However, the point at which the 
extraction efficiency dimini shed rapidly was affected by the solution concentration, 
and it became more difficult to extract a high percentage of the samarium from 
dilute solutions. A material balance showed the unextracted samarium, with material 
A to be about 1 mg-equiv., and 5 mg-equiv. for material C, at each concentration. 

The extracts from material A contained samarium and europium only. Some 
neodymium was found in the C extracts; 3 per cent was present in the extracts from 
the 0-5 N solutions, and 10 per cent with the 0-25 N solutions. None was found 
when 1 N solutions were used. 

In these experiments, the samarium content of the solutions was varied by a 
factor of 20 (from 0-75 N to 0-037 N). The highest samarium concentration used 
with material A was similar to the lowest concentration with material C. It appears, 
therefore, that the efficiency with which a samarium concentrate is extracted depends 
upon the composition of the concentrate, and not on the concentration of samarium 
in solution. 

3. The effect of amalgam concentration on extraction. Normal solutions of 
materials A and C were extracted at a fixed initial pH (3 -90) with identical quantities 
of sodium; the amalgam concentration was varied from 0-3 to 0-05 per cent. Where 
fluid amalgams were formed, no significant trends were observed in the quantity of 
samarium extracted. If semi-fluid amalgams were formed, appreciably lower quantities 
of samarium were extracted. In such cases, flow of the amalgam through the column 
was slow, and it was observed that some of the amalgam droplets were coated, 
presumably with lanthanon hydroxide. 

Owing to the variation of extraction efficiency with composition, the choice of 
a suitable sodium amalgam concentration must be determined by experiment. 
However, the results showed that amalgams containing more than the equivalent of 
2 grams SmjOj per kilogram of amalgam were semi-fluid or solid. 

4. The effect of sodium ion concentration. Varying quantities of sodium chloride 
were added to 100 ml samples of solution A (1 N) and solution C. (0-5 N). These 
were extracted with similar quantities of sodium amalgam. The results are summarized 
in Table 4. 


Table 4.—Extraction of samarium from sodium-containing solutions 


NaCl 

(mole/1.) 

A; 67-4 mg-equivs. Na 

C; 47-8 mg-equivs. Na 

Extracted U 12 O 3 
(mg-equivs) 

Extract, as 
Na-free soln. 

(%) 

Extracted Ln20 3 
(mg-equivs) 

Extract, as 
Na-free soln. 
(%) 

0 

14-7 


25-7 


0-5 

14-5 

98 

26-55 

103 

1 

13-9 

94 

26-85 

104 

2 



28-15 

109 


The observed effect was small, and appeared to depend upon the composition of 
the solution. It will be recalled that samarium and europium only were extracted 
from material A, while neodymium was extracted with samarium from dilute solutions 
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of material C In the presence of sodium chloride, extracts from material A contained 
only samarium and europium; when 1 N or 2 N sodium chloride was used, no 
neodymium was detected in extracts from material C. 

The extraction of ytterbium 

1 The effect of acidity on extraction. Fifty ml portions of the solution F were 
adjusted to pH’s of 3 -9 or 3 -6, which required the addition of 5 ml or 10 ml respectively 
of 10 N acetic acid. Extraction was carried out with a 0-103 per cent sodium amalgam, 
at a flow-rate of 100 g/min. The results are shown in Table 5 and Fig. 5 (upper curve). 



Fra. 5.—Extraction of ytterbium solutions with sodium amalgam. 


Table 5.—Extraction of solution f with 0-103 per cent sodium amalgam 


Na (as Na-Hg) Extracted Yb 2 C >3 
Initial pH Final pH (mg-equivs) (mg-equivs) 


3-90 

5-19 

44-8 

12-4 


5-91 

62-7 

16-7 


7-25 

76-1 

19-73 

3-60 

4-65 

44-8 

7-25 


5-13 

67-2 

12-47 


5-81 

101-8 

19-6 


8-01* 

147-8 

28-65 


8-10* 

156-7 

30-5 
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There was a vigorous evolution of hydrogen during extraction, due to the direct 
reaction of some of the sodium with hydrogen ions in solution. The pH of the 
extracted solution increased with the quantity of amalgam used, and some hydroxide 
precipitation was observed in the two examples marked with an asterisk. (Table 5). 
This set an upper limit to the amount of ytterbium that could be extracted, which was 
45 per cent in the solution of initial pH 3-9 and 70 per cent with the more acidic 
solution. These extractions were linear with amalgam quantity. An attempt was 
made to obtain a more complete extraction of the ytterbium by repeatedly re-acidifying 
the solution to pH 3-9, and then continuing the extraction with a further quantity of 
amalgam. The result of one such experiment is shown in Table 6 . 

Table 6 —Repeated extraction of solution f with 0T03 per cent sodium amalgam 


Initial pH 

Final pH 

Na (as Na-Hg) 
(mg-equivs) 

Extracted YbiOs 
(mg-equivs) 

3-90 

7-20 

73-9 

22-17 

3-90 

705 

67-2 

13-8 

3-90 

7-25 

44-8 

Total Na 185-9 

2-8 

Total Yb 2 Oj 38-77 


A considerably increased ytterbium extraction was obtained. Although it was 
possible to extract 90 per cent of the ytterbium from solution, the final extraction 
step required a fifteenfold excess of sodium amalgam, and the residual material still 
contained 3-8 mg-equivs of ytterbia. A spectrographic examination showed the 
amalgam extracts from material F to be pure ytterbium. 

Batch extraction experiments were also carried out on solutions D and E. Fifty 
ml portions were used, and these were acidified with the same quantities of acetic 
acid used in the previous experiments. Results are summarized in Fig. 5 (lower curves). 

With both materials, it was possible to extract about 90 per cent of the ytterbium 
present, but in neither case was pure ytterbium extracted. With material D, polaro- 
graphic examination showed the ytterbia content of the extracts to be about 85 per 
cent A spectrographic examination revealed the presence of > 10 per cent of 
samarium, together with small quantities (< 0-5 per cent) of La, Nd and Eu. These 
light elements were present in all of the fractions. Extracts from material E contained 
none of the light elements, but all of the fractions contained about 1 per cent of 
samarium. 

The extraction of all of these materials was most efficient in solutions of the 
lowest acidity. The most efficient extraction of material F was 26 per cent, which 
was the reason for the small ytterbium extraction. The samarium concentrate C 
extracted at over 50 per cent efficiency under comparable conditions. However, the 
two lower ytterbium content materials D and E were extracted at 15 per cent efficiency, 
which is only slightly lower than that found with the low samarium content material A. 

A bright orange-yellow colour developed during the extraction of material F. 
If the amalgam flow was stopped, the colour faded slowly and the solution again 
became colourless after several minutes. This effect was not observed when the other 
two lanthanon concentrates were extracted, but in these cases the colour could have 
been masked by other lanthanons present in solution. This colour was shown to be 
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due to the formation of the ytterbous ion. Ytterbous chloride was prepared by 
reduction of the trichloride with hydrogen.™ A YbCl 2 solution and the extracted 
lanthanon solution F, both absorbed light strongly in the region 320-480 ityi, whereas 
tervalent ytterbium does not absorb in this region. Both solutions were oxidized by 

iodine. . _ . . 

2. The effect of solution concentration on extraction. Extractions were carnea 

out with 0-103 per cent sodium amalgam on dilutions of the solutions D and F, at 
total lanthanon concentrations of 0-5 N and 0-25 N. The lanthanon acetate:acetic 
acid ratio employed was 1:1. (Initial pH’s; D, 3-98; F, 3*90.) The results are shown 
in Fig. 6. With material F, it was possible to obtain a high ytterbium extraction 



mg>equlv No {os No-Hg) 

Fig. 6.— Effect of solution concentration on ytterbium extraction. 

before any hydroxide precipitation took place. Approach to complete extraction 
was shown by a fading of the colour of the ytterbous ion. At the same point some 
sodium was carried through with the lanthanon amalgam. The amal g a m extracts 
were pure ytterbium. A comparison with similar results obtained with samarium 
(Fig. 3) showed the extraction of ytterbium to be linear with sodium quantity over 
a greater range than was the case with samarium. It was also possible to extract a 
higher proportion of the ytterbium from solution. 

With the crude xenotime material (D), the efficiency of the initial extraction was 
not altered substantially by diluting the solution. The extracted material was again 
found to contain about 15 per cent lanthanons other than ytterbium. However, it 
became increasingly difficult to obtain a high ytterbium extraction from the more 
dilute solutions. 

<14) w - Klemm and W. SchOth, Z. Anorg. Chem. 184, 352 (1929). 
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When the ytterbium-rich material F was diluted to 0-5 N, the extraction became 
considerably more efficient. (44 per cent, compared with 26 per cent in a 1 N solu¬ 
tion). The 0*5 N and 0-25 N solutions were extracted at the same efficiency. This 
dilution effect was not observed with samarium concentrates or with the xenotime 
concentrate D. 

The results in Fig. 6 show a considerable difference in the efficiency with which 
the two materials were extracted; extraction from thi high grade material was more 
than twice as efficient as that from the xenotime concentrate. 

3. The effect of sodium ion concentration. Some quantitative comparisons were 
made of the effect of adding sodium ions to the ytterbium concentrate F. Fifty ml 
aliquots of 0-5 N lanthanon solution were prepared containing various additions of 
sodium chloride. These were extracted with identical quantities of sodium amalgam, 
with the results summarized in Table 7. 

Table 7.—Extraction of ytterbium from sodium-containing solution 
44-8 mg-equtvs Na (as NaHg) per 50 ml solution 


Added NaCl 
(molc/1.) 

Extract YbjOj 
(mg-equivs) 

Extract, as 
Na-free solution 

(7.) 

— 

18-67 

_ 

0-5 

17-83 

95 

1 

1508 

80 

2 

13-8 

74 


A significant decrease in extraction was found when 1 N or 2 N sodium chloride 
was added to the ytterbium solution. During extraction, the sodium ion content of 
these solutions increased by 0-9 N. 

When the xenotime material D was extracted under similar conditions, the 
ytterbium extraction also decreased if sodium chloride was present. Quantitatively, 
the effect was smaller than with the high-grade material F. In the original extract, 
samarium and europium were found together with small quantities of lanthanum and 
neodymium. The two latter materials were eliminated by extracting in presence of 
sodium chloride, but all of the extracts contained samarium and europium as well as 
ytterbium. 

CONCLUSIONS 

It has been established that the dropwise method of extracting samarium and 
ytterbium with sodium amalgam is capable of giving closely reproducible results, 
although the amount of lanthanon extracted is somewhat arbitrary. The extraction 
of both elements is mainly controlled by the samarium or ytterbium content of the 
concentrates used, and to a lesser extent by the acidity of the solutions used for 
extraction. An idealized form of extraction curve is linear up to 70-80 per cent 
samarium or ytterbium extraction, and then becomes progressively less efficient with 
increasing extraction. Over the linear portion of the curve, the hydrogen ion con¬ 
centration of the solution decreases by a factor of about 10 2 , the sodium ion con¬ 
centration increases from zero to 0-5-1-0 N, and the extractable lanthanon content 
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falls to 20-30 per cent of its initial value. It is somewhat easier to extract samarium 
than ytterbium, but a more complete extraction of the latter element can be made 
Europium, if present, is extracted with samarium. 

It is known that the potential of sodium amalgams of similar concentrations to 
those used in this work is of the order of 2 volts. (1S > 16) Reactions such as (1) or (2) 
are thermodynamically feasible if the potentials of the electrodes Sm/Hg and Yb/Hg 
are smaller than the corresponding sodium potential. Taking a mean sodium amalgam 
drop size of 2-5 mm, and assuming complete reaction of the sodium in 1 sec, the current 
density in a typical case would be of the order of 1-2 A/cm 2 . Clearly, the sodium 
electrode is functioning under conditions of very high hydrogen overpotential, where 
the surface contains a layer of adsorbed hydrogen atoms. < 17 * The important electrode 
processes would be 

Na+H + -* Na + +H 

Ln 3+ +H -> Ln 2+ -f H + 2 «Ln+2H + 

orLn 3+ +3H -* Ln+3H + 

H+H - H 2 

It is not established whether reduction of samarium or ytterbium proceeds via 
the bivalent or tervalent states, although divalent ytterbium is certainly formed 
during extraction. Eu 2+ and Yb 2+ would form readily in the boundary layer, since 
the redox potentials are 0 43 and 1T5 V respectively. The extraction of marginal 
quantities of other lanthanons is very sensitive to the concentration of sodium ions 
m solution. This suggests that the potentials of their amalgam electrodes must be 
considerably closer to the sodium electrode than is the case with Sm, Eu and Yb 
To explain the effect of the “non-extractable” lanthanons in depressing the extraction 
of samarium or ytterbium it is necessary to assume that the potentials of their 
electrodes Ln/Hg are greater than that of the sodium electrode, and also that they 
will catalyse the reaction H+H -* H 2 . The formation of hydride intermediates has 
been suggested by Halpern to explain certain hydrogenation reactions/ 18 * Similar 
mechanisms may apply to this case. 

Diffusion of sodium in the amalgam is rapid. This is shown by complete reaction 
of amalgam droplets in a packed column with hydrochloric or acetic adds; in the 
initial part of an extraction, all of the sodium remains in the extraction column r and 
a change of amalgam concentration from 0-3 to 0'05 per cent had no significant 
effect on the quantity of samarium extracted from two lanthanon solutions. These 
facts suggest that the decrease in extraction efficiency observed when the samarium 
or ytterbium concentration has diminished is due to a change in kinetic mechanism 
to one controlled by film diffusion. More rigorous experiments than those described 
here are needed to confirm this. 

Acknowledgements —Thanks are due to D. Reichenberg for the sodium determinations, 
and to G. Giles and F. H Howie for preparing the xenotime extracts. This work forms 
part of the research programme of the National Chemical Laboratory, and is published by 
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NOTE 


On the nature of the solvated 8-quinolinol 
and 2-methyl-8-quiDolinol chelates of thorium (IV) 

(Recieved 5 October 1961 ; in revised form 20 November 1961) 

The comp osition and structure of the 8-quinolinol and 2-methyl-8-quinolinol chelates of 
t h< ymm (IV) has been the subject of a number of investigations.* *> Two metal chelates are 
known for each complexing agent; the “normal” compounds, Th(Ox) 4 and Th(MeOx >4 
(where Ox" is the 8-quinoltnolate ion and MeOx - is the 2-methyl-8-quinolinolate ion), 
and the solvated compounds, Th(Ox) 4 HOx and Th(MeOx) 4 -MeOxH. The chemical com¬ 
position of the solvated 8-quinohnol complex has been well established by conventional 
methods;* 2 - 3 - 4 ) however, the composition of the 2-methyl-8-quinolinol complex is still in 
doubt. Phillips, Emery and Price* 3 * found that only the normal chelate was precipitated 
while Van Tassel and Wendlandt**** reported the preparation of the stoichioemetnc 
solvated metal chelate. However, Corsini and Graham* 2 * reported that only the normal 
chelate could be prepared. To ascertain whether or not the solvated complexes are true 
compounds, all of the compounds were prepared and subjected to X-ray diffraction analysis. 

EXPERIMENTAL 

The normal and solvated metal chelates were prepared as previously described.* 4 - 5 -«> 
The X-ray studies were carried out on a Norelco high-low angle diffractometer using 
Cu K a radiation. The unit cell dimensions were calculated using Ito’s method.* 8 * 

RESULTS 

The results of the X-ray studies are given in Table 1 and 2. 

Previous studies* 4 - 9 - >*>* have shown that the solvated 8-quinolinol chelate is a different 
species in the solid state than a physical mixture of Th(Ox) 4 and 8-quinohnol. In this study, 
it is seen that the </-spacings for the normal and solvated 2-methyl-8-quinolmol are similar, 
differing by only 0 01-0-03 A for each hkl position. Thus, it can be concluded that the 
solvated and the normal chelate structures are the same and that the solvated chelate is 
merely a mixture of Th(MeOx) 4 and 2-methyl-8-quinolinol. 

Department of Chemistry 
Texas Technological College 
Lubbock, Texas 

**> W. W. Wendlandt and G. R. Horton, J. Inorg. Nucl. Chem. In press (previous literature 
references cited). 

(2 > F. Frere, J. Amer. Chem. Soc. 55,4362 (1933). 

< 3 * F. Hecht and W. Ehrmann, Z. Anal. Chem. 100, 98 (1935). 

(4) T. Moeller and M. V. Ramaniah, J. Amer. Chem. Soc. 75, 3946 (1953). 

(5 > J. P. Phillips, J. F. Emery and H. P. Price, Anal. Chem. 24, 1033 (1952). 

«•* J. H. Van Tassel and W. W. Wendlandt, J. Amer. Chem. Soc. 82, 4821 (1960). 

,7) A. Corsini and R. P. Graham, Anal. Chim. Acta, 23, 248 (1960). 

| 8) T. Ito, “X-ray Studies on Polymorphism”, Maruzen, Tokyo, 1949, pp. 187-228. 

91 J. H. Van Tassel, W. W. Wendlandt and E. Sturm, J. Amer. Chem. Soc. 83, 810 (1961). 
101 J. H. Van Tassel, Ph.D. Thesis, Texas Technological College (1959). 
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Table 1.—X-ray lines of the thorium chelates 4 


Th(Ox)* -HOx Th(MeQx) 4 Th(MeOx) 4 • MeOxH 


d{A) 

spacing 

hkl 

d(A) 

spacing 

hkl 

d(A) 

spacing 

hkl 

10-99 

100 

9 60 

100 

9 61 

100 

1015 

010 

8-85 

010 

8-80 

010 

9-67 

a l 

7-56 

001 

7-55 

001 

815 

001 

6-87 

a 

6-86 

a 

7-47 

110 

6-07 

ior 

6-07 

101 

718 

a 

5-83 

no 

5-83 

110 

6-46 

101 

4-94 

a 

4-95 

a 

601 

111 

4-78 

200 

4-81 

200 

5-85 

a 

4-41 

020 

4-39 

020 

5-45 

200 

4-12 

201 

4-13 

201 

514 

020 

3 98 

201 

4-00 

201 

4-65 

120 

3-83 

002 



415 

012 

3-77 

220 

3-78 

220 

4 05 

002 

3-42 

211 

3-42 

211 

3-86 

021 

3-29 

310 

3-31 

310 

3-65 

121 

3-22 

112 



3-50 

122 

3-12 

a 

3-12 

a 

3-45 

310 

3 02 

311 

3-02 

311 

3-25 

202 

2-89 

220 

2-88 

220 

3 06 

222 

2-74 

031 

2-75 

031 

2-97 

320 

2-66 

222 



2-79 

013 

2-62 

130 



2-66 

232 

2-47 

131 

2-48 

131 



2-39 

400 

2-39 

400 



2-33 

032 

2-34 

032 

(a) unassigned. 






(b) d-spacings for Th(Ox )4 previously given.* 9 ■ 10 > 





Table 2.- 

—Unit cell dimensions of metal chelates 



Compound 

a (A) 

b 

c 

a 

P 

7 

V, A» 

Th(Ox) 4 <»> 

11-74 

10-77 

7-42 

90° 

96°27' 

90°' 

932 

Th(Ox) 4 -HOx 

10-92 

10 64 

8-40 

105°36' 

90° 

90° 

940 

Th(MeOx) 4 

9-91 

9-13 

7-66 

88°52' 

92°17' 

105°6' 

670 
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NEW NEUTRON DEFICIENT BARIUM ISOTOPES* 

I. L. Preiss and P. M. Strudler 
Yale University, New Haven, Connecticut 

(Received 10 January 1$62) i 

Abstract—-New barium activities, produced by heavy ion bombardments of indium and tin, were 
assigned on the basis of chemistry and their decay to cesium daughters. They are: m Ba, 2 ± 0 5 min; 
m Ba, 6-5 ± 0 5 mm; and lr, Ba, 10'0 ±05 min In addition the following half-lives are proposed 
for previously assigned nuclides: 1M Ba, 103 ± 5-0min, ‘“Cs, 8-0 ± 0 5 mm; us Cs, 49 ± 5-0min; 
and 1M Xe, 1-85 ± 0 1 hr. 

The availability of high intensity heavy ion beams (having energies of up to 10-5 MeV 
per nucleon) at the Yale University Heavy Ion Accelerator, facilitates the production 
of extremely neutron deficient isotopes. The mechanism by which these isotopes are 
formed is generally recognized as the evaporation of several nucleons from compound 
nuclei which are themselves neutron deficient and have high excitation energies. For 
example, the compound system formed in a reaction of M N and ll6 In is 12 *Ba, which 
itself is seven neutrons removed from the line of beta stability. 

The present study was undertaken in order to gain information concerning the 
half-lives and mass assignments of the neutron deficient isotopes 123 Ba through m Ba 
not presented in studies of this mass region previously reported. 11 - 2 ' 3 * 

The heavy ion reactions used to produce the isotopes of interest were: 

U8 > m In( 16 0;p,Jcn) m Ba through 128 Ba, 

n3,us In( i4 N;jcw )i23 Ba through 129 Ba, 

Natural Sn( 18 0;a,xn) l23 Ba through 135 Ba and 
Natural Sn( 12 C;x«) 123 Ba through 135 Ba. 

EXPERIMENTAL 

Targets of metallic foils of In and Sn (42-60 mg/cm J ) were irradiated with heavy ion beams of 
18 0, “N and U C (10 5 MeV/nucleon) for periods ranging from 1 to 10 min 

In all instances, banum was separated chemically by precipitating either Ba(NO s ), from 6 N HCI 
solution using fuming HNO„ or as BaSO, using 1 N H,S0 4 . Suitable hold back as well as Ba carriers 
were added to the HCI solutions used to dissolve the target material The extent of decontamination 
of the Ba fraction, with respect to other radio nuclides produced, was estimated through observation 
of the characteristic K X-rays resulting from the decay of the Ba isotopes. The X-ray spectra were 
taken using a large gas-flow side window proportional counter, and the peak resolution and energies 
compared to that found for chemically pure “’Ba f20 per cent at 32 keV). This comparison demon¬ 
strates that impurities (such as La, Cs, Xe, I, etc.) constitute not more than 5 percent of the ohservable 
activity in the Ba fraction immediately following the chemical separation. Resolution change of the 
spectra, as well as a shift in the energy peak was noted with time, and hence was an additional con¬ 
firmation of the growth of Cs daughter activities. 

The gross 0-decay of the barium fraction was followed using an end window gas-flow proportional 
counter. The gross decay curves could be resolved into the component half-lives for Ba isotopes 
listed on Table 1 Because of the growth of the daughter activities, these values represent only an 
approximation of the true half-lives of the individual Ba activities 

* This work was supported by the United States Atomic Energy Commission 
111 H. B Mathur and E. K. Hyde, Phys. Rev. 95, 708 (1954). 

1,1 M. I. Kalkstein and J. M. Hollander, Phys. Rev. 96, 730 (1954). 

131 M. Lindner and R. Osborne, Phys. Rev. 88, (1952). 
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Table 1 . — Ba half-lives resolved from gross decay of 

CHEMICALLY SEPARATED Ba (In-“N SYSTEM) AND Cs MILKING 


Isotope 

Half-life observed (min) 

Literature 14 ' 

half-life 

(min) 

Gross decay 

Cs Milking 

’“Ba 

1 5-3-5 

2 0 ± 0-5 

_ 

‘“Ba 

5-8 

6 5 ± 0-5 

— 

‘“Ba 

103 ±5 


97 

“’Ba 

9-5-11 

10 0 ± 0-5 

12 


Table 2 —Cs half-lives resolved from gross decay 

CHEMICALLY OF SEPARATED Cs (In-“C SYSTEM) 


Isotope 

Half-life observed 

Literature 141 

‘“Cs 

8 0 ± 0 5 min 

~6 min 

‘“Cs 

49 ± 5 min 

45 min 

“’Cs 

6 2 hr 

6 hr 
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New neutron deficient barium isotopes 

In order to establish mass assignments for the new barium activities observed, cesium was milked 
t regular time intervals from Ba separated chemically in other experiments. The barium was pre¬ 
cipitated as BbCNO,),, redissolved and cesium precipitated from alcohol solution as Cs,Pta,. The 
purity of the Cs precipitate was confirmed using X-ray counting as previously described, and the 
Loss /^decay of each milking followed. Each of the gross-decay curves could be resolved into the 
-proponents listed in Table 2. * 

The decrease in the initial activity of each component, then, is a measure of the half-lives of 
the parent radio nuclides. Typical milking results are shown in Figs. 1 and 2. 



In order to confirm the half-lives of the cesium daughters, indium foils were irradiated with 
120 MeV carbon, the Cs products separated chemically, and the gross beta decay followed. The 
gross curves could be resolved into the component half-lives listed in Table 2 , and y-ray spectra, 
found using a 3 x 3 in. NaI(Tl) crystal and 400 channel pulse-height analyser, demonstrated the 
presence of known y-rays resulting from Cs decay These spectra were found to contain the same 
energy peaks observed in the Cs samples milked from the barium chemical fraction. 

The presence of the chain, m Ba, lu Cs, 1,s Xe was confirmed m a separate experiment. Indium 
targets were irradiated for 1-1 5 min periods with 10 5 MeV per nucleon l ‘N The Ba fraction was 
separated chemically, and Cs daughter activities subsequently separated from the parents following 
a 4 nun growth penod (the time of maximum 8 min activity resulting from the decay of a 2 min 
parent) The decay of the y-ray spectra of the Cs fraction was followed (using the equipment described 
above). It was found that the 0-125 MeV y-ray associated with "'Xegrew in with a period correspond¬ 
ing to the decay of a 7-5-8-5 min parent, and subsequently decayed with a half-life of 1-85 ±0 05 hr. 

The results obtained using both Sn or In, as targets, and “O, “N or 12 C, as incident heavy ions, 
were identical within experimental error and demonstrate that the products are not peculiar to the 
target or heavy ion beam employed. 

* Although l ”Xe (1-85 hr) grows into the Cs fraction, the relative magnitude of the activities, 
and the time after separation required to establish equilibrium is such that it does not affect the 
extrapolated initial activities of the Cs components of interest. 
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CONCLUSIONS 

Mass assignments for the new Ba activities were based on the parent daughter 
genetics using Cs half-lives and y-ray energies previously reported and/or found in the 
present study. The proposed half-hves and mass assignments are: ^Ba, 2 ± 0-5 mm • 
1M Ba, 6-5 ± 0-5 min; and 127 Ba, 10-0 ± 0-5 min. In addition the following half-lives 
for “‘Ba, 123 Xe and the Cs isotopes are proposed: 128 Ba, 103 ± 5 0 min; 12 »Cs 
8-0 ± 0 5 min and 12s Cs, 49 ± 5-0 min; 122 Xe, 1-85 ± 0T hr. 

Acknowledgements—The authois wish to thank Professor R. Wolfgang and Dr. I. M. Ladenbauer 
Belus for their interest in this study, and the operating crew of the Heavy Ion Accelerator for the 
co-operation lr 
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INFRA-fcED SPECTRA AND STRUCTURE OF SOME 
PHENYLTIN COMPOUNDS 

R. C. Poller / 

Chemistry Department, Queen Elizabeth College, Campden Hill Road, 

London, W.8 

( Received 9 November 1961; in revised form 2 February 1962) 

Abstract— Infra-red spectra of twenty phenyltin compounds have been measured, mainly in the 
4000-670 cm -1 region. The absorptions are discussed in terms of various structural features in the 
compounds Variations in the positions of the benzene ring vibrations have been noted together 
with some analytically useful bands. 

An increasing interest in the chemistry of organ otin compounds has become apparent 
in the last few years, though generally, more emphasis has been placed on synthetic 
methods than on physical-chemical studies. This was reflected by the absence until 
recently of any detailed information on the infra-red spectra of organotin compounds, 
the only exceptions being tetramethyltin <1_5> and tetraphenyltin. (8 8) Within the last 
year, however, absorptions have been reported for a fairly wide range of alkyltin 
derivatlves <9 - 10, and Griffiths and Derwish <U) have published a detailed analysis of 
the absorptions shown by tetraphenyltin and the phenyltin chlorides. Henry and 
Noltes (12) have examined the spectra of some phenylallyl- and phenylvinyltin com¬ 
pounds and have shown that a band at 1065 cm -1 is characteristic of the phenyltin 
group since it underwent a shift in the analogous silicon, germanium and lead com¬ 
pounds. 

It was felt that it would be useful to measure, under identical conditions, the 
spectra of a wide range of phenyltin compounds of general formula (QH^SnA^ 
in which A represented a diversity of chemical types. The measurements were made 
mainly in the 4000-670 cm -1 range and the spectra were examined to determine the 
effects of the various groups attached to tin on the positions of the phenyl bands and 
particularly on the position of the characteristic phenyltin band at 1065 cm -1 . It will 
be shown that the results also give information on certain structural problems and 
that all the spectra show sufficient differences for differentiation between otherwise 
similar compounds to be possible. 

111 H. Siebert, Z. Anorg Chem. 263, 82 (1950). 

121 W F Edgell and C H. Ward, J Amer. Chem. Soc. 77, 6486 (1955). 

C F. Kettering and W. W. Sleator, Physics 4, 39 (1933). 

N. G. Pai, Proc. Roy. Soc A 149, 29 (1935) 

151 D. N. Walters and L A Woodward, Proc. Roy Soc. A 246, 119 (1958). 

R. D. Kross, V A Fassel and M. Margoshes, J Amer. Chem. Soc 78, 1332 (1956). 

1,1 V. A Fassel and M. Margoshes, Spectrochim. Acta 7, 14 (1955). 

"" C N. R. Rao et al., Nature , Land 183, 1475 (1959) 

181 R. Okawara, D. E Webster and E G. Rochow, J. Amer. Chem Soc 82, 3287 (1960) 
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EXPERIMENTAL 

Infra-red measurements 

The spec tr a were measured in the sodium chloride region using a Perkin Elmer Model 137 spectro¬ 
photometer; the KBr disk technique was used for all the compounds except phenykin trichloride 
which was examined as a liquid film The spectra of triphenyltin hydroxide, hexaphenyldistannoxane 
and diphenyltin oxide were also measured in the potassium bromide region, as Nujol mulls, using a 
Grubb-Parsons G. S. 2A (Senes 14) spectrophotometer. 

In the tables of absorption frequencies the following abbreviations are used, w = weak intensity, 
m = medium intensity, s — strong intensity, sh = shoulder, b = broad. 


Preparation of compounds 

Compounds 1-14 (see Table 1) were made by standard published procedures and had characteristic 
melting or boiling points in agreement with the reported values. 

Analyses are quoted for the following compounds which do not have characteristic melting points 
Diphenyltin oxide, m p above 360° (Found C, 49 9; H, 3 7. Calc, for C ; ,H ]0 OSn: C, 49 9, H, 
3'5%) Triphenyltin fluoride, m.p. above 360° (Found C, 58-65; H, 4 3 Calc, for C 18 H 1B FSn C, 
58-6; H,4-l%) 

Triphenyltin hydroxide was prepared by the hydrolysis of triphenyltin iodide in ether using 2N 
sodium hydroxide solution. The product was removed by filtration and purified by two crystal¬ 
lizations from 96 per cent ethanol, after air-drying at slightly above room temperature it had m.p 
120-122°. The melting point of this compound is not particularly characteristic and previous workers 
have experienced difficulties due to contamination with water and with hexaphenyldistannoxane 
The present product was considered to be pure both from its analysis and its spectrum (see below) 
(Found C, 58-6, H, 4 6, Sn, 32 0 Calc, for C ls H ie OSn: C, 58 9; H, 4 4, Sn, 32 3%). 

Phenyltin tmodide was made by the action of iodine on tetraphenyltin in the absence of a solvent 
The product was a yellow solid which, after crystallization from light petroleum (b.p. 40-60°), had 
m p 33-34°; this compound is reported as an oil by previous workers.' 1 *' (Found C, 12 7; H, 0 9 
Calc for CjHjIjSn. C, 12 5; H,0 9%). 

Triphenyltin /Mutrophenoxide was prepared by treating hexaphenyldistannoxane with a solution 
of p-mtrophenol (2 mole) in ether and evaporating the mixture in a vacuum desiccator over con¬ 
centrated sulphuric acid (cf. Reference 15) The crude product was crystallized from cyclohexane 
to give bright yellow crystals of triphenyltin /Mutrophenoxide m p 106-108° (D’ans and Gold' 1 " 
give m p 101-102°) (Found C, 58 5, H,3 7, N, 3 05 Calc for C ! .H 1 ,O a NSn- C, 59 05; H, 3 9, 
N, 2-9%). 


Triphenyltin /Moluenesulphonate (this compound has not previously been reported) was prepared 
by adding silver/Koluenesulphonate (1-35 g) to a solution of triphenyltin chloride (2-00 g) in absolute 
ethanol (40 ml) and boiling the mixture under reflux for 45 min The silver chloride was filtered off 
the filtrate evaporated to dryness The crude product was crystallized from a mixture of chloroform 
and light petroleum (b.p 60-80°) to give colourless crystals (1 51 g) m.p 229-231°, unchanged on 
further crystallization (Found C, 574, H, 42. Calc, for C 8 ,H„0,SSn: C, 57-6, H, 4 3%) 


DISCUSSION 

Benzene ring absorptions (see Table 1) 

The spectra of a large number of monosubstituted benzenes have recently been 
examined by Katritzky and Lagowski < 17) who have recorded frequency ranges for 
a number of phenyl bands. These workers did not examine any compounds with 
metal atom substituents and it is therefore of interest to compare the present results 
where, usually, more than one monosubstituted benzene ring is present and, in all 
cases, the substituent is a heavy one. 

The C—H stretching vibrations centred around 3030 cm -1 and the overtone and 
combination bands in the 2000-1650 cm -1 region were, in general, not well resolved 
and the discussion here is restricted to the 1500-670 cm -1 range, this includes all the 
strong intensity absorptions associated with the benzene ring. 
o' 1 R. West, R H. Baney and D. L Powell, J Amer Chem Soc. 82, 6270 (1960). 

,I4 ’ A. Tchakirian, M. Lesbre and M. Lewinsohn, C. R. Acad. Sci., Paris 202, 138 (1936) 

,w J- G. A. Luitten and G. J M. van der Kerk, Investigations in the Field of Organotin Chemistry, 

p. 101. Tin Research Institute ( 1955 ) 

<w J- D’ans and H. Gold, Her. Dtsch Chem. Ges 92, 3076 (1959). 

,l ” A. R. Katrttzky and J. M. Lagowski, J. Chem. Soc. 4155 (1958). 
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(a) The 1475 car* band. A medium to strong intensity band within the range 
i 480-1468 cm -1 was shown by all the compounds except one (No. 15, see Table 1) 
wtiere it was masked. This band is assigned to a C—G stretching mode by Griffiths 
and Derwish <U) who quote the range 1487-1479 cm -1 for their four phenyltin com¬ 
pounds. In the purely organic compounds examined by Katritzky and Lagowski <1,) 
the range was 1511-1477 cm -1 and these authors noted that with heavier substituents 
in the benzene ring the band was found at the lower frequency end of the range. 

(b) The 1425 cm -1 range. With the exception of the C—H out-of-plane vibrations 
(at 750-670 cm -1 ) the most intense of the benzene ring bands occurs in the range 
1430-1420 cm -1 (masked in compound No. 4). This band is assigned to another C—-C 
stretching mode by Griffiths and Derwish {U) who found corresponding absorptions 
at 1435-1434 cm -1 . Katritzky and Lagowski* 171 quote the range 1447-1446 cm -1 
for monosubstituted benzenes with a “heavy” atom substituent. This band was 
originally quoted* 131 at 1429 cm -1 for phenylsilicon compounds and has been shown* 111 
to occur at the same frequency in corresponding germanium and lead compounds. 

(c) The 1330-1250 cm -1 region. Three bands, usually of weak or medium intensity, 
were found in almost all cases around 1300 cm -1 . The observed ranges were 1330-1320 
cm -1 (masked in No. 4), 1302-1290 cm -1 (masked in No. 15) and 1258-1250 cm -1 
(missing or masked in Nos. 11, 12, 13, 15, 19 and 20). It is difficult to quote with 
certainty the corresponding ranges observed by Griffiths and Derwish (U) since the 
higher resolution instrument used by these workers detected other weak bands in this 
region but the ranges for their compounds are probably 1337-1334, 1305-1304 and 
1267-1262 cm* 1 . No mention is made by Bellamy' 1 * 1 or by Katritzky and Lagow- 
ski U7> of benzene ring absorptions in this region. 

(d) The 1200-1100 cm -1 region. Two bands, usually of weak intensity, occur in 
this region, at 1188-1178 cm* 1 (masked in Nos. 15 and 20, missing in No. 17) and at 
1160-1145 cm -1 (all compounds). Of the compounds examined by Katritzky and 
Lagowski <17) generally only those compounds with electron donating substituents 
absorbed in this region and the ranges quoted are 1181-1170 cm -1 and 1160-1150 
cm -1 . Both of these bands are assigned to C—H in-plane deformations. (80) 

(e) The 1070 cm -1 band. There is a very sharp, strong intensity, band occurring in 
the range 1076-1062 cm -1 for all the compounds except phenyltin triiodide where the 
effect of the heavy Snl 3 group is to displace the absorption to 1055 cm -1 . Henry and 
Noltes' 121 have shown that a band at 1065 cm* 1 is characteristic of the phenyltin 
group and undergoes displacement in compounds where the phenyl group is attached 
to other Group IV elements. While this band is undoubtedly of great value in recog¬ 
nizing the phenyltm group the present results show that substituents on the tin atom 
cause variations in the frequency of this band so that overlapping with the phenyl- 
germanium band (1080 cm* 1 ) and the phenyllead band (1052 cm -1 ) could occur. 
This band has been noted in the spectra of monosubstituted benzenes by a number of 
workers and assigned to a C—H in-plane deformation vibration ; (U ' 20) the absorption 
is much more intense when the substituent in the benzene ring is a metal atom. 

U8 ’ C W. Young et a!., J Amer. Chem. Soc. 70, 3758 (1948). 

u ” L. J. Bellamy, The Infra-red Spectra of Complex Molecules (2nd Ed.), Cbapt. 5. Methuen, 

London (1958). 

<ao> R. R- Randle and D. H Whiffen, Report on Conference of Molecular Spectroscopy, Paper No. 

12. Institute of Petroleum (1954). 
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Table 1.—List of compounds and melting PC)1NIi 


— 




1475 

1425 



-- 


Compound 

m p (°C) 

Literature 
m.p. (°C) 

cm* 1 

band 

cm -1 

band 

The 1330—1250 cm-' 
region 

1. 

2. 

3. 

Tetraphenyhin 

Hexaphenyidmn 

Hexaphenytdistann- 

228-9 

239-241 

123-4 

225-6 1 *" 

232 5'“' 

124 1 *" 

1477 m 
1472 m 
1475 m 

1424s 
1420 s 
1422s 

1328 k- 
1325 m 
1325 w 

1300 w 
1292 m 
1295 >v 

U55 * 
1250 h- 
1255 w 

4. 

oxane 

Triphenyltin acetate 

120-1 

121-2'**' 

1480 s 

— 

1328 m 

1302 m 

1255 k 

5. 

Tnphenyltin thiophen- 

102-4 

103'“> 

1472 m 

1422 s 

1328 tv 

1298 m 

1255 k 


oxide 








6. 

Ws(Triphenyltin) 

sulphide 

Tnphenyltin benzoate 

145-6 

141 5-143""” 

1478 m 

1426 s 

1328 w 

1296iv 

1255 k 

7 

84-85-5 

82-5-84 12 ’ 1 

1477 m 

1425 s 

— 

1300 s 

1252 m 

8. 

Triphenyltin chloride 

105-6 

106 1 * 8 ' 

1471 m 

1420 s 

1325 w 

1295 tv 

1255 k 

9. 

Tnphenyltin bromide 

120-1 

120 5'“' 

1475 m 

1424s 

1328 w 

1294 w 

1258 k 

10. 

Tnphenyltin iodide 

122-4 

121 12,1 

1477 m 

1426 s 

1328 m 

1298 iv 

1258 k 

11 

1 Diphenyltin dichloride 

40-41 5 

42 ( 28 ) 

1473 m 

1426 s 

1326 m 

1292 k- 

— 

12 

Diphenyltin duodide 

72-3 

71-2 (80> 

1473 m 

1426 s 

1322 m 

1292 w 

— 

13. 

Diphenyltin sulphide 

184-185 5 

183-4' 311 

1472 m 

1424 s 

1325 m 

1292 m 

— 

14. 

Phenyltin trichloride 

120-125/4 5 mmt 

142-3/25 mmt 1321 

1478 s 

1430s 

1330 s 

1300 k- 

1258 k 

15 

Tnphenyltin p-nitro- 

106-8 

301-2"»> 

— 

1425 s 

1320 s 

— 

— 


phenoxide* 








16 

Diphenyltin oxide* 

— 

— 

1475 m 

1420 s 

1320 w 

1290 k- 

1250 k 

17. 

Tnphenyltin fluoride* 

— 

— 

1479 m 

1424 s 

1328 w 

1300 k- 

1255 k 

18. 

Tnphenyltin 

120-2 

118'**' 

1475 m 

1420s 

1325 k- 

1292 k- 

1255 k 


hydroxide* 








19 

Phenyltin tniodide* 

33-34 

— 

1468 m 

1422 s 

1320 m 

1290 m 

— 

20. 

Tnphenyltin p- 

229-231 

— 

1477 m 

1424 s 

1325iv 

1295 K- 

— 


toluenesulphonate 









* Further details for these compounds are given in the Experimental section 
t Boiling point. 


(f) The 1025-900 cm -1 region. Three and sometimes four bands occur m this region 
All the compounds show a band, usually of medium intensity, in the range 1025-1014 
cm -1 which is assigned to a C—H in-plane deformation mode. 111 -* 0 ' All the com¬ 
pounds except one show strong to medium intensity absorption within the narrow 
range 999-996 cm -1 , in phenyltin triiodide the Snl g group causes a shift in the position 
of absorption to 992 cm -1 . This band is due to a ring vibration 111 - 201 and it is 

1,11 A. Pous, Ber Dtsch Chem Ges 22, 2915 (1889). 

,,,) E. Krause and R. Becker, Ber Dtsch. Chem. Ges 53, 173 (1920). 

O Schmttz-Dumont, Z Anorg. Chem 248, 289 (1941). 

,MI G. J M van der Kerk and J. G. A. Luuten, J. Appl. Chem 6, 49 (1956) 

<2,> D. Blake, G. E Coates and J. M. Tate, J. Chem Soc 622 (1961) 

J- G. Noltes and G J M, van der Kerk, Chem and Industr. 294 (1959). 

(2 ” H. Gilman and J. Eisch, J Org Chem 20,763 (1955). 

B. Aronhiim, Ann 194, 145 (1878). 

,,w E. Krause, Ber. Dtsch Chem Ges. 51, 912 (1918). 

,ao1 R. H. Bullard and W. B. Robinson, J. Amer. Chem. Soc 49,1368 (1927). 

tnl I T. Eskin, A N. Nesmeyanov and K A. Kocheshkov, J. Gen. Chem. ( U.S.S.R .) 8, 35 (1938) 

<**’ K. A. Kocheshkov, J Russian Phys-Chem. Soc. 61, 1385 (1929). 

'**’ K. A. Kocheshkov et a!, J. Gen Chem (U.S.S.R.) 6, 1672 (1936). 
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PatO'i ENCtB Qt SENZENE RING ; ABSORPTIONS 


The 1200-1100 

cm 1 reg* 00 

1070 

cm -1 

baud 

The 1025-900 cm -1 region 

730 cm" 1 
band 

700 cm -1 
baud 

j|7S w 

1150 w 

1072 s 

1025 tv 

999 m 

979 tv 

914 tv 

736 s 

703 s 

1185 m 

1152 w 

1068 s 

1018 m 

996s 

985 sh, 968 tv 

910 tv 

730 s 

700 s 

1185 w 

1150 tv 

1072 m 

1020 v 

996 m 

— 

91? tv, 912 tv 

732 s, 725* 

700 sh, 696 s 

1186 v 

1152 vf 

1062 m 

1025 m 

998 m 

— 

918-910 tv ,b 

735 sh, 732 s 

699 s 

1188 iv 

1150 tv 

1070 s 

1022 m 

996 m 

985 sh, 975 >v 

920 tv, 909 tv 

750 m, 733 s 

701s, 691s 

1185 tv 

1150 tv 

1070 s 

1020 m 

996 m 

970 tv 

915 tv 

732 sh, 728 s 

699 s 

1185 w 

1150 tv 

1062 s 

1025 m 

997 m 

_ , 

913 tv 

732 s, 723 s 

698 s 

1185 tv 

1152 tv 

1072 s 

1020 m 

997 m 

974 tv 

925-915 w,* 

733 s 

698 s 

1185 tv 

1152 tv 

1070 s 

1020 m 

996 m 

975 tv, 970 tv 

919 tv 

732 s 

698 s 

1185 tv 

1155 tv 

1072 m 

1022 m 

999 m 

973 tv 

920 tv 

737 sh, 732 s 

698 s 

1185 tv 

1155 tv 

1068 m 

1020 tv 

996 m 

— 

— 

730 s 

693 s 

1185tv 

1155 tv 

1065 m 

1018 m 

996 m 

— 

918 tv, 907 tv 

736 s. 727 s 

694 sh, 689 s 

1182 tv 

1150 tv 

1065 s 

1020 m 

996 s 

— 

920-910 tv,* 

736 sh, 729 s 

695 s 

1188 tv 

1160tv 

1065 s 

1020 m 

997 s 

985 tv, 970 tv 

918 tv 

731s 

689 s 

— 

1155 s 

1072 m 

1022 m 

996 m 

— 

— 

732 s 

698 s 

1182 tv 

1148 tv 

1075 m 

1022 tv 

997 m 

985 tv, 960 tv 

907 tv 

726 sh, ms 

694 s 


1154tv 

1076 s 

1022 m 

997 m 

986 tv, 970 tv 

920 tv 

736 s, 727 s 

700 s 

1185 tv 

1145 tv 

1075 s 

1020 m 

997 m 

978 tv, 967 tv 

— 

735 s, 725 s 

695 s 

1182 m 

1150tv 

1055 s | 

1014 s 

992 s 

980 tv, 962 tv 

900tv 

729 s 

685 s 


1150 m 

1070 s 

1025 s 

996 s 


922-910 tv,* 

73U 

697 s 


noteworthy that not all the compounds examined by Katritzky and Lagowski <I 7) 
absorbed in this region and that the vanation in frequency was much greater (1007-990 
cm -1 ) 

Weak absorptions were also noted at 986-960 cm -1 (12 compounds only, band 
often split) and at 925-900 cm -1 (17 compounds only, band often split). These bands 
have been attributed to C—H out-of-plane deformation modes. (U ' 20) 

(g) The 750-670 cm -1 region. The two strong intensity C—H out-of-plane defor¬ 
mation vibrations are centred around 730 and 700 cm -1 . In a number of cases splitting 
of one or other of these bands occurs and this, together with differences in the fre¬ 
quency, intensity and shape of these bands, makes them particularly suitable for 
distinguishing between different phenyitin compounds. 

Bands associated with the Sn—O group 

To obtain an approximate value for the Sn—O stretching frequency an estimate 
of the force constant was made using Gordy’s rule. <34) Taking electronegativity 
values of 1-9 for tin and 3-5 for oxygen and an Sn—O bond length of 2-02 A (from the 
sum of the covalent radii corrected for the electronegativity difference (36) ) a force 
constant of 2-7 x 10 5 dyn/cm was obtained. This gave a stretching frequency of 570 

180 W. Gordy, J. Chem Phys 14, 305 (1946). 

<MI L. Pauling, The Nature of the Chemical Bond (3rd Ed.) p, 229. Cornell University Press, Ithaca 
(1960). 
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cnr 1 . Although this figure must be regarded as a first approximation, it is in good 
agreement with the range 643-580 cm- 1 found by Rochow et a/. (10) for methyltin 
compounds containing the Sn—0—Sn group. 

Infra-red measurements on triphenyltin hydroxide, hexaphenyldistannoxane and 
diphenyltin oxide were extended to cover most of the KBr range down to about 475 
cm -i. The results were somewhat surprising and the frequencies for the bands tentative¬ 
ly assigned to the Sn—0 group are shown in Table 2 together with some results for 
other organotin compounds. 

Table 2. —Absorption frequencies for bands associated with the Sn—O group 


Compound 

Frequency (cm -1 ) 

Reference 

(1) Triphenyltin hydroxide 

(2) Triethyltin hydroxide* 

912 s, 898 s 

855 s 

36 

(3) Hexaphenyldistannoxane 

(4) Hexapropyldistannoxane 

(5) Hexabutyldistannoxane 

Ills 

780-765 s,b, 500 s 
787-763 j, b, 500 s 

37 

37 

(6) Diphenyltin oxide 

(7) Dimethyltin oxide 

571 s, 553 sh 

580 s 

10 

(8) [Cl(CH,),Sn O Sn(CHJ,Cl], 

600 s, 572 sh 

10 

(9) MeSnOj 

643 s 

10 


* The spectrum of this compound was measured in the NaCl region only; 
the frequency was read from the published absorption curve. 


The results in Table 2 show that the pattern of absorption in the organotin oxides 
is very different from that found in the corresponding silicon compounds. The asym¬ 
metric Si—O—Si stretch frequency in simple disiloxanes occurs in the range 1100-1000 
cm -1 and although the complexity of this band increases with increasing chain 
length the organopolysiloxanes absorb at essentially the same frequency . 1381 The 
compounds quoted in Table 2 fall into two groups with compounds 6-9 absorbing in 
the KBr range at 643-553 cm -1 and compounds 1-5 absorbing in the NaCl range at 
much higher frequencies. It may be significant that compounds 6-9 all show coordi¬ 
nation from oxygen to tin. The disubstituted tin'oxides R 2 SnO are usually described 
as linear polymers but their physical properties, particularly their general insolubility 
and infusibility, indicate that the Sn-O-Sn-O chains in those compounds are cross- 
linked by co-ordination from an oxygen atom m one chain to a tin atom in another 
chain. The compound CH 3 SnO } is interesting in that it appears to be the first example 
of a dehydrated stannonic acid. This material will possess a cross-linked polymeric 
structure which, it is considered, will be stabilized by co-ordination. Compound 8 
was originally formulated 1101 as the monomer but it has since been shown 1391 that it is 
dimeric and that in this type of dimeric distannoxane the two molecules are coupled by 
coordination from oxygen to tin. 

Of the high frequency absorptions shown by compounds 1-5 the strong bands 
around 900 cm -1 shown by the tnsubstituted tin hydroxides are the most remarkable. 
While an assignment of these high frequency bands to the Sn—O stretching vibration 

,w L. Domange, and J. Guy, Ann. Pharm Franc. 16, 161 (1958). 

<,T ’ R. C. Poller, Unpublished results. 

“*> A. L. Smith, Spectrochim . Ada 16,101 (1960). 

(a) R. Okawara, Proc. Chem Soc. 383 (1961). (b) D. L. Alleston, A. G. Davies and B N. 

Figgis, Ibid . 457 (1961). 
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seems very unlikely it should be noted that, except for one very weak intensity band, 
tnphenyltin hydroxide does not appear to absorb in the KJBr region. A partial ex¬ 
planation for the higher frequency absorptions shown by compounds 1-5 may be that, 
m these compounds, some overlap between the oxygen p-orbitals and the d-orbitals on 
tin occurs. The resulting higher bond order would cause an increase in the force 
constant leading to a higher vibration frequency. It has been predicted* 40 * that dn-pn- 
bo ndin g of this nature should be as well developed in tin as in silicon compounds. 
This was found (41, to be the case for w-bonding between aromatic carbon and tin and 
silicon, though from acidity studies West et alS li) concluded that there was no 
significant rr-bonding between tin and oxygen in triphenyltin hydroxide. In compounds 
6-9 the oxygen p-electrons are involved in coordination and are less available for 
77 -bonding. 

The existence of these characteristic strong intensity peaks at 777 cm -1 for hexa- 
phenyldistannoxane and at 912 and 898 cm -1 for triphenyltin hydroxide is experi¬ 
mentally very useful since these compounds have similar melting points and are readily 
interconvertible. In addition to the analytical data the absence of any absorption at 
777 cm -1 in the spectrum of tnphenyltin hydroxide showed that the material was free 
from the distannoxane. (Cf. West et a/. <18) who concluded that their specimens of 
the hydroxide contained considerable quantities of hexaphenyldistannoxane.) 

The spectrum of triphenyltin p-nitrophenoxide was too complex for a band to be 
assigned to the Sn—O group with any certainty but it was considered that a strong 
intensity composite band at 868-862 cm -1 was probably due to an overlap of an 
Sn—0 band with the C—N band which usually occurs near 850 cm " 1 in aromatic 
nitro-compounds (42) . 

Triphenyl tin-acetate, benzoate and p- toluenesulphonate 

The C—0 stretching vibrations for the triphenyltin carboxylates are shown in 
Table 3. 


Table 3 —C—O stretching frequencies in cm -1 


Compound 

Sym stretch 

Asym stretch 

Separation 

Triphenyltin acetate 

1425 j 

1530 ^ 

105 

Triphenyltin benzoate 

1335 r 

1620 s 

285 


The strong absorption associated with the C=0 stretching mode in esters is absent 
in these compounds although it is present in the analogous silicon compounds. <43) 
The absorptions for triphenyltin acetate are similar to those obtained by Okawara 
et al. {i) for a number of methyltin acetates and these authors concluded that their 
compounds were essentially ionic and that the absorption bands were those of the 
acetate ion. It has recently been pointed out, (44) however, that an acetate group which 
was acting as a chelate, or bridging group, would be expected to show C—O stretching 
frequencies very similar to those of an ionic acetate. From the available evidence no 

t40 ’ D. P. Craio et at., J. Chem. Soc. 332 (1954) 

,4l) J. Chatt and A A. Williams, J. Chem. Soc. 4403 (1954). 

1121 R. R Randle and D. H. Whiffen, J. Chem. Soc. 4353 (1952). 

14,1 A. L Smith, Spectrochim. Acta 16, 97 (1960). 

1441 1. R. Beattie and T. Gilson, J. Chem. Soc. 2585 (1961) 
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firm decision can be made between these two alternatives but since triphenyltin acetate 
and benzoate (like the alkyltin acetates) have relatively low melting points and are 
soluble in warm petroleum ether it seems probable that they are essentially covalent 
compounds containing bidentate carboxyl groups. The significance of the degree of 
separation of the two C—0 stretching frequencies in this type of compound, has been 
discussed* 45 - 46 * but it is difficult to explain why, in the present work, the benzoate 
should show a much greater separation than the acetate. This is the reverse of the 
situation in the six tnmethyltin carboxylates examined by Okawara et a!S a > where 
the separation increases with the strength of the carboxylic acid (a plot of the C—O 
band separations taken from Okawara’s paper against the pK values for the acids 
gives a straight line for all the compounds except tnmethyltin formate). 

Esters of sulphonic acids show a strong absorption m the range 1420-1330 cm~ 1(4? > 
and triphenyltin p-toluenesulphonate does not absorb at, or close to, this region. 
Strong intensity absorptions are shown at 678, 1040 and 1188 cm -1 which are con¬ 
sistent with an ionic sulphonate but the alternative of a tridentate sulphonate grouping 
cannot be ruled out. 

Miscellaneous 

All the compounds examined have the general formula (QH^SnA^, and in 
twelve of them (Nos. 1, 2, 6, 8-14, 16, 17 and 19, see Table 1) the group A does not 
absorb in the sodium chloride region so that all of these compounds show only benzene 
ring absorptions and their spectra, except for the minor variations already discussed, 
are essentially the same. It follows that, as expected, absorptions associated with the 
tin-halogen and tin-sulphur groups occur at frequencies below 670 cm -1 . 

The structures of these twelve compounds are straightforward with two exceptions. 
Triphenyltin fluoride is usually described as an ionic compound in view of its m- 
fusibility, but Beattie and Gilson (44) have shown that, for tnsubstituted tin fluorides, 
a polymeric structure containing five-co-ordinate tin and bridging fluorine atoms may 
be preferred. 

The structures of the disubstituted tin sulphides have not been widely investigated 
but Harada < 48) has shown that dimethyltin sulphide and diethyltin sulphide are 
trimers with, presumably, a cyclic structure. The molecular weight of diphenyltin 
sulphide was measured cryoscopically in benzene and the results (Found 916, 923 
required for trimer 914-9) showed that the correct formulation for this compound is 
[(CgHjJjSnSk so that the structure is similar to that of the corresponding alkyl com¬ 
pounds. 
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INFRA-RED SPECTRA OF METAL COMPLEXES OF 
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Abstract— The infra-red spectra of solid Cu(II), Co(II), Mn(II), Fe(II). Ni(II) and Ag(I) complexes 
of riboflavin and the Cu(II) complexes of 6,7-dimethylalloxaane (lumichrome) and 2,4-dihydroxyp- 
tendine have been examined. The spectra indicate dipolar-ion chelates involving the 4-carbonyl group 
of riboflavin are formed with the divalent metals in the solid state. 

Riboflavin has been reported by Albert' 1 * to form 1:1 and 2:1 complexes with di¬ 
valent metal ions in aqueous solution. Using potentiometric titration techniques he 
evaluated stability constants for these complexes, although the results were hampered 
somewhat by precipitation. Foye and Lange ' 21 isolated solid divalent metal-ion com¬ 
plexes of riboflavin containing two metal ions per riboflavin molecule. They reported 
that when a solution of metal salt was added to a solution of riboflavin, initially at pH 
9, a substantial drop in pH occurred, and a coloured precipitate was formed immedi¬ 
ately. Furthermore, until two equivalents of metal ion had been added, tests for metal 
ion in solution by means of dithizone and ferricyanide were negative. In addition, 
paper chromatograms indicated two spots, one for riboflavin and one for the complex 
until two equivalents of metal ion had been added, at which time the spot for riboflavin 
disappeared leaving only the spot for the complex. This work has been questioned by 
various authors' 3,4 51 Hemmerich and Fallab' 31 , on the basis of an analysis of potentio- 
metric titration curves, have concluded that riboflavin forms only very weak com¬ 
plexes in solution, and that the curves may be explained by the formation of Cu(OH) + . 
Their work, however, was done in dioxane-water mixtures, while Albert worked in 
aqueous solution. These authors also reported that the precipitate, isolated at pH 6, 
obtained in the titration of the riboflavin-Copper (II) complex gave unreproducible 
amounts of copper upon analysis and they suggested the precipitate may be Cu(OH) 4 
containing adsorbed riboflavin. However, this precipitate was obtained at a pH 
different from that used by Foye and Lange and was not purified by extensive ex¬ 
traction with acetone, a procedure reported by Foye and Lange to be necessary in 
order to obtain pure compounds. 

In connection with other studies on biochemical complexing agents, solid metal 
complexes of riboflavin and related compounds have been prepared in this laboratory 
and it seemed of interest to examine their infra-red spectra to determine if this could 
contribute to the solution of the problem. In the present work, the infra-red spectra of 
the complexes of riboflavin with Cu(II), Fe(II), Ni(II), Co(II), Mn(II) and Ag(I), 

111 A Albert, Biochem. J. 54, 646 (1953). 

"" W. V. Foye and W. E Lange, J. Amer. Chem. Soc 76, 2199 (1954). 

P- Hemmerich and S Fallab, Helv Chim Acta 41, 498 (1958). 

141 T. R Harkins and H. Freiser, J. Phys. Chem 63, 309 (1959). 

<SI D E Metzler and I F Baarda, Biochem. Biophys. Acta 50, 463 (1961). 
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and the Cu(II) complexes of 6 , 7 -dimethyIaUoxazine (lumichrome) and 2,4-dihydro- 
xypteridine are reported and discussed. 



A 

6,7-dimethylalloxazine 

(lumichrome) 



V 

NH 


OH 


2,4-dihydroxypteridine 


EXPERIMENTAL 

Riboflavin was purchased from Nutritional Biochemicals Corp and its purity checked by paper 
chromatography The divalent metal complexes of riboflavin were prepared according to the method 
of Foye and Lange 1,1 The Ag(I)-riboflavin complex (RAg) was prepared as described by Metzler 
and Baarda"" and thi Ag(lHribofiavin), [(R,Ag)Na] complex as described by Hemmerich and 
Bamberg."" The 2,4-dihydroxyptendme was synthesized and purified according to the procedure of 
Weulard et al 1,1 Lumichrome was synthesized as described by Stern and Holiday"" and purified 
by recrystallization from ethanol 

The copper (11) complex of 2,4-dihydroxyptendme was prepared by dissolving 1 64 g (0 01 mole) 
in 100 ml of water and adjusting the pH to 6 5, A solution of 1 21 g (0 005 moles) of Cu(NO,), 3H 2 0 
was added slowly with stirring and the pH was kept in the range of 6-5-7 by simultaneous addition of 
10 per cent sodium hydroxide. With the addition of the metal the pH drops and a light green pre¬ 
cipitate forms After the addition was complete, the precipitate was filtered with suction, washed 
with water and dried in vacuo over PjO s at 7S°C for 8 hr. (Found: C, 32 44, H, 2 77; N, 24 54, 
Cu (polarographically), 14 3. Calc, for (C t H 3 0 2 N 4 ) 2 Cu 3H,0: C, 32 47, H, 2 73, N, 25-25, Cu, 
14 32%) 

The copper(Il) complex of lumichrome was prepared by mixing 0 24 g (0 001 mole) of lumichrome 
in 100 ml of water and adjusting the pH to 9, centrifuging the suspension to remove the very small 
amount of undissolved material and adding 0 096 g (4 X 10'* mole) of Cu(N0 3 ) 2 -2H a O to the super¬ 
natant The pH of the solution was kept constant by simultaneous addition of dilute NaOH. .As the 
metal ion was added, a dark green precipitate formed. After addition of the metal ion, the precipitate 
waa filtered with suction, washed with water and extracted for 2 hr in a soxhlet extractor with ethanol 
It was then dried in vacuo over P,0, at 75° for 5 hr (Found. C, 40-50, H, 3-95; Cu (polarograph- 
ically), 16-9. Calc for C 13 H 8 N 4 0 3 Cu 3H 2 0: C, 40 27; H, 3-94; Cu, 17 75% ) 

Infra-red spectra were obtained on a Perkin-Elmer Model 21 double beam recording spectro¬ 
photometer equipped with sodium chloride optics, using the potassium bromide disc technique 
Approximately 10~* moles of each compound were mixed thoroughly with 400 mg of potassium 
bromide and pressed Spectra were recorded under identical conditions and regions of particular 
interest were obtained at slow scanning speeds. 


RESULTS AND DISCUSSION 

Fig. 1 shows the infra-red spectra of riboflavin and its complexes in the region of 
2000-1000 cm' 1 . Riboflavin undoubtedly exists with the four oxygen in the keto form 

'•» P. Hemmerich and P. Bamberg, Helv Chun. Acta 44, 1001 (1961). 

,?l J. Weulard, M. Tishler and A. Frickson, J Amer. Chem Soc. 67, 804 (1945) 

*•> K. G Stern and R Holiday, Ber Dtsch. Chem. Ges. 67, 1442 (1934). 




Brown and Mason <#) , in a study of hydroxypteridines, concluded that 4-hydroxy- 
pteridme exists in the keto form, and riboflavin has a similar structure. This con¬ 
clusion is supported by the work of Hemmerich and co-workers on the chemical prop¬ 
erties of riboflavin (10) Furthermore, Mason and Brown noted that the 4-keto group 
absorbs at a wavelength near 1710 cm -1 . On this basis, the peak at 1725 cm' 1 can be 
assigned to the 4-carbonyl group. (U) This assignment is substantiated by Hemmerich 
et al , who reported the infra-red spectra of derivatives of riboflavin. 1121 This assign¬ 
ment is further strengthened by the work of Short and Thompson (1S> on substituted 
uracils, and by the spectrum of lumichrome and 2,4-dihydroxypteridine (discussed 
below). The peak at 1645 cm -1 is more difficult to identify. It may be due to the 2- 
carbonyl group, although the carbonyl group of 2-hydroxypteridine absorbs at 1681 

1.1 D J. Brown and S. F. Mason, J. Chem Soc. 3443 (1956). 

a< " P Bamberg, P. Hemmerich and H Erlenmeyer, Helv . Chim. Acta 43, 395 (1960) 

11.1 L. J Bellamy, The Infra-red Spectra of Complex Molecules (2nd Ed.), p. 203. J. Wiley, New 
York (1959). 

11,1 P. Hemmerich, B Prus and H. Erlenmeyer, Helv. Chim. Acta 43, 372 (1960). 

11,1 L, N. Short and H. W. Thompson, J. Chem. Soc. 168 (1952). 
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cm- 1 . Again, it may be due to —C==N— absorption which overlaps this region 111 ’. 
The peaks at 1578 cm" 1 and 1545 cm- 1 are undoubtedly amide II bands, arising from 
—C==N— absorption. 

It will be noted that in all the complexes the 4-carbonyl absorption at 1725 cm" 1 
has almost completely disappeared, the absorption at 1645 cm- 1 is greatly reduced and 
the amide II bands are relatively unaffected except for a general broadening. The 
almost complete disappearance of the peak at 1725 cm -1 in the metal complexes can be 
ascribed to the bonding of a metal ion at the four position in an oxinate-hke chelate 
structure, converting the keto form to the enol form with the subsequent loss of the 
carbonyl absorption. 

Silver (I) forms two complexes with riboflavin. The first (RAg) is obtained at a pH 
of 7 from a solution equal molar in riboflavin and silver. It is apparent from recent 
work' 5 ®’ that this complex is somewhat different from those of the divalent metals. It 
is brilliant red in solution, with an electronic absorption spectrum similar to that of the 
semiquinone radical, rhodoflavin It has been proposed by Hemmerich (6) that it is 
best represented as a Ag(II)-riboflavin semi-quinone chelate in which the silver ion has 
transferred an electron to riboflavin. 



R CH,(CHOH),CH t OH 



The infra-red spectrum of this complex is similar to that of the divalent metal 
complexes Again, the 4-carbonyl absorption has disappeared and the absorption at 
1645 cm -1 is lost. The complete absence of any absorption in the carbonyl region 
indicates the second resonance structure is preferred. In addition, a new, very strong 
peak has appeared at 1380 cm -1 . It is possible that this peak is due to the new 
—C—N— bond or perhaps it represents some absorption peculiar to the semi-qumone 
form. A definite assignment of this peak is not possible. In any case, the spectrum of 
RAg indicates a structure similar in the carbonyl region to that of the divalent metal 
complexes. 

The second silver complex [(R 2 Ag)Na] is obtained at a pH of 10 from a solution 
in which the riboflavin/silver ratio is 2/1. This complex appears to be quite similar to 
the divalent metal complexes. It is deep orange m colour and very insoluble in water. 
Hemmerich has proposed the following structure for this compound. <6) 


R 



This structure seems unlikely. The spectrum is identical in the carbonyl region to that 



Infra-red spectra of metal complexes of riboflavin 


of RAg, and again indicates loss of the 4-carbonyl group and severe diminution of the 
1 645 cm -1 absorption. It is distinguished from the spectrum of RAg only by the loss 
of the strong peak at 1380 cm -1 and some small differences in the 1100 cm -1 -1000 cm -1 
region. i 

Lumichrome and 2,4-dihydroxypteridine were also studied since they have struc¬ 
tures quite similar to riboflavin. In addition, they do not have the polyol side chain 
and therefore provided an opportunity to evaluate the effect of this group op the struc¬ 
ture of the riboflavin complexes. The pteridine formfe a copper(II) complex that has a 
pteridine/metal ion ratio of 2/1, while the lumichrome-copper(II) complex has a 1/1 
ratio. The reason for this difference is that the methylene group of the benzene ring of 
lumichrome, being "ortho” to the nitrogen taking part in co-ordination offers con¬ 
siderable steric hindrance to the approach of a second lumichrome molecule in a 
planar structure. This has been demonstrated by Hemmeiuch and Fallab * 31 with 
similar compounds, all of which form 1:1 complexes. This hindrance is not present in 
the case of the pteridine. 

Fig 2 gives the spectra of lumichrome, 2,4-dihydroxypteridine and their copper(II) 
complexes. Lumichrome has two peaks close together at 1727 and 1700 cm -1 . There 



Wavenumbers, cm' 1 

Fig 2 —Infra-red spectra of 2,4-dihydroxypteridine (DHP), its copper(II) complex 
t(DHP) a Cu 3H,0], lumichrome (L) and its copper(II) complex (L Cu 3H 2 0) in KBr. 

is a broad peak at 1 574 cm -1 with a shoulder at 1560 cm -1 . According to Mason and 
Brown* 91 , 4-hydroxypteridine has two peaks at 1710 and 1697 cm -1 On this basis, 
the two peaks at 1727 and 1700 cm -1 are due to the 4-carbonyl group. It is not pos¬ 
sible to determine from the spectrum if the 2-oxygen is in the keto form. Since 2- 
hydroxyptendine has a strong carbonyl absorption at 1 681 cm -1 , it would appear that 
the 2-oxygen may be in the enol form. However, a medium peak at 1681 cm -1 could 
be obscured by the strong 4-carbonyl absorption. The peak at 1574 cm -1 is most 
likely due to —C==N— absorption (amide II band). 
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The spectrum of 2 , 4 -dihydroxypteridine is very similar to that of lumichrome, with 
a peak at 1718 cm- 1 and a shoulder at 1698 cm" 1 which can be assigned to the 4 car¬ 
bonyl group. There is no apparent evidence for 2-carbonyl absorption. 

The spectrum of the copper(II) complex of 2,4-dihydroxypteridine indicates that 
the peak at 1718 cm" 1 has disappeared, leaving a broad shoulder near 1690 cm" 1 . 
The rest of the spectrum is quite similar to that of the pteridine with the exception of a 
new peak appearing at 1610 cm -1 . This peak may be due to the new —C=N— bond 
formed when the complex is formed. The disappearance of the 4-carbonyl absorption 
is due to the enolization of this group when the chelate structure is formed and is 
analogous to the change in the spectrum when the riboflavin-divalent metal complexes 
are formed. 

The spectrum of the copper(II) complex of lumichrome shows similar changes. In 
general, however, the peaks are not as well defined. The strong carbonyl absorption at 
1727 and 1700 cm -1 has disappeared, again leaving a broad shoulder. As with the 
pteridine, this loss of the 4-carbonyl absorption is no doubt due to the formation of 
the chelate. 

These studies support the work of Foye and Lange <2) on the solid metal complexes 
of riboflavin. The evidence obtained from the infra-red spectra indicate chelates are 
formed in the solid state involving enolization of the 4-carbonyl group of riboflavin • 



Since the spectra indicate the complete absence of 4-carbonyl absorption and almost 
complete loss of absorption in the 2-carbonyl region, they are best represented as di¬ 
polar ion complexes, with resonance structures I and II (first suggested by Hemmerich 
et al. {10) ). Resonance structure III, and other possible structures in which the negative 
charge is found on the 1- or 3-nitrogen must be of minor importance. 

Further evidence for complex formation is obtained from a study of 2,4-dihydroxy¬ 
pteridine, lumichrome and their copper(II) complexes. Solutions of these compounds 
are pale yellow in colour. Immediately upon addition of copper nitrate the solutions 



m 


i 
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turn green and a substantial drop in pH occurs. Upon further addition of metal salt, 
a green precipitate of the complex is formed. All of these observations indicate che- 
jate formation. (U> The changes in the infra-red spectra of these compounds upon 
chelate formation are quite similar to those with riboflavin and indicate that the solid 
complexes formed when divalent metal ions are added to solutions of riboflavin have 
similar structures. 

Finally, the chelate structure of the solid divalent metal riboflavin ,oomplexe$ is 
supported by the spectra of the silver riboflavin complexes. There can be little doubt, 
from the work of Hemmerich (6) and Metzler <S) that RAg has an oxinate-typc struc¬ 
ture in solution. Since the infra-red spectra of the solid divalent metal complexes of 
riboflavin are very similar in 4-carbonyl region to the spectrum of the solid RAg, they 
very likely have similar structures. 

As the spectrum indicates, (RjAg)Na must also have a similar structure, contrary 
to that proposed by Hemmerich and Fallab <8> . In view of the absence of carbonyl 
absorption it is best represented: 


R 0 




Na+ 


Although silver(I) ordinarily has a co-ordination number of two, it sometimes forms 
tetrahedral complexes in which it exhibits a co-ordination number of four, as with 
oxine 1161 and thioacetamide. (16) It is likely that the larger size of the silver(I) ion, as 
compared with the divalent ions studied, makes it possible for two riboflavin mole¬ 
cules to chelate with one silver ion without steric hindrance, particularly since silver(I) 
forms tetrahedral structures, while those of the other metals are primarily planar or 
octahedral. 

The position of the second metal ion in the divalent metal complexes is not known. 
There is some evidence from the spectra that changes in the 1000-1100 cm -1 region 
occur when the complexes are formed. Absorption in this region is due either to 
—C—O— stretching or —O—H deformation bands, 1171 mainly of the ribitol side 
chain. Kanzawa states that compounds having the ribitol side chain show changes in 

,14 ' A E Martell and M. Calvin, Chemistry of the Meta! Chelates Prentice-Hall, New York (1952). 
I15> F Hein and H. Regler, Ber. Dtsch. Chem Ges. 69 B, 1692 (1936). 

,1 * > E G. Cox, W. Wardlaw and K. C. Webster, J Chem Soc. 139, 775 (1936). 

11:1 L J. Bellamy, The Infra-red Spectra of Complex Molecules, (2nd Ed.) p 108 J. Wiley, New York 
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this region upon deuteration. (18, In fact he uses absorption in this region as evidence 
for the presence of the polyol side chain in flavin type compounds. Ribitol itself shows 
absorption similar to riboflavin in this region. Furthermore, it is known that polyols 
form solid complexes with many metal ions.' 1 ® 1 Moreover, lumichrome, with a similar 
structure to that of riboflavin, except for the absent polyol side chain, forms a 1: l 
copper(II) complex, as contrasted with the 1:2 riboflavin-metal complexes, thus 
suggesting the side chain as the site of complexing of the second metal ion. The changes 
in the spectra in this region upon complex formation (Fig. 2) are quite similar for all 
the metal complexes (with the exception of R 2 Ag) and can be described as a loss of fine 
structure and general diminution of absorption. It is possible these changes may be 
due to loss of the —OH deformation frequencies which could be ascribed to co-ordi¬ 
nation of a second metal ion with the oxygen atoms of the side chain. However, similar 
changes occur in this region for R Ag, which contains only one metal ion per riboflavin 
molecule. This may be due to polymerization in this case, with the silver ion co-ordi¬ 
nating with a second riboflavin molecule through the side chain (Metzler and Baarda 
have reported RAg appears to be at least partially polymerized' 5 *). It is perhaps 
significant that [R a Ag]Na, which cannot involve the side chain, has a spectrum in this 
region very similar to that of riboflavin. 

These studies on the solid complexes cannot, of course, be applied directly to the 
work of Albert on aqueous systems It can be said with some certainty, however, 
that divalent metal ions form oxinate-like chelates with riboflavin in the solid state 
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sity and by PHS research grant, RG-8347, Division of General Medical Sciences, Public Health 
Service 
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CHARGE-TRANSFER SPECTRA OF CERTAIN METAL 
CHELATES OF PYRAZYLMETHYL KETONES 

N. Naqvi, E. L. Amma and Q. Fernando 
D epartment of Chemistry, University of Pittsburgh, Pittsburgh 13, Pennsylvania 

(Received 30 October 1961; in revised forty 2 February 1962) '' ^ 

Abstract— The ultra-violet and visible spectra of copper (II), nickel (II), and cobalt (II) chelates of 
2 -, 3-, and 4-pyridyl pyrazylmethyl ketones and phenacylpyrazine have been examined in various 
solutions and the results related to the empirical assignments made for the parent compounds. 
Strong evidence has been found for the formation of two types of chelates with copper (II) and 
2 -pyndyl pyrazylmethyl ketone. One type of chelate consists of a six-membered chelate nng in which 
the pyrazine nitrogen is bonded to the copper (II), and the second type consists of a five-membered 
chelate ring in which the pyridine nitrogen is bonded to the copper (II) 

Certain of these pyrazylmethyl ketone chelates could be protonated in acid solutions and were 
therefore isolated as perchlorate salts From the spectral behaviour of these chelates in solution it was 
possible to predict the presence of the protonated chelates. Furthermore, somewhat surprising 
information about the stability and dissociation of these chelates in methanol solution, was obtained 
from the ultra-violet spectra 

In a previous study of the ultra-violet and visible spectra and the acid dissociation 
constants of a series of pyrazylmethyl ketones, it was found that these compounds 
showed a remarkable selectivity in their reactions with metal ions. (1) It was decided 
to examine in as much detail as possible, the visible and ultra-violet charge-transfer 
spectra of certain transition metal chelates of pyrazyl-methyl ketones, in order to 
obtain information on the nature of the bonding in the metal chelates and on the 
solution behaviour of these chelates. 

Another aspect of this investigation was concerned with the type of chelate that 
was formed with 2-pyridyl pyrazylmethyl ketone. There are two possibilities for 
chelate formation with this compound: (1) chelation with the pyridine nitrogen and 
the carbonyl oxygen forming a five-membered chelate ring, and (2) chelation with 
the pyrazine nitrogen and the carbonyl oxygen forming a six-membered chelate ring, 
I. One would undoubtedly predict that the five-membered ring would be formed 
exclusively because of the generally greater stability of five-membered chelate rings, 
and particularly since the pyridine nitrogen is far more basic than the pyrazine 
nitrogen. 12 * However, this work has shown that both types of chelates were formed 
with copper (II) and 2-pyridyl pyrazylmethyl ketone.f 



l 


t Presented in part 140th American Chemical Society Meeting, Chicago, September, 1961. 
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Charge-transfer spectra of certain metal chelates of pyrazylmethyl ketones 

> EXPERIMENTAL 

Preparation and purification of compounds 

The pyrazylmethyl ketones used in this work were kintfiy supplied by Professor R. Levine. The 
methods of preparation of these compounds have been published.'* 1 

The compounds were purified as follows: Phenacylpyrazine was dissolved in 20 per cent sodium 
hydroxide solution and rapidly neutralized to a pH of 7. The freshly precipitated enol form was 
dissolved in benzene, the solution shaken with Florisil, filtered and cooled. The crystal obtained had 
a melting point of 82-83°C. The 2- and 3-pyridyl pyrazylmethyl ketones were recrystalhzed from a 
mixture of ether and petroleum ether. The pure products,had melting points of 87-88°C and 129- 
130°C respectively. The 4-pyndyl compound was recrystallized from a mixture of benzene and 
petroleum ether and the pure compound had a melting point of 142-143°C 

Preparation of metal chelates 

The copper (II), nickel (II) and cobalt (II) chelates of the four pyrazylmethyl ketones were prepared 
by the slow addition of 50 ml of 0-01 M metal perchlorate solution in water to 250-300 ml of 90 per 
cent methanol solution containing 0-3 g of the chelating agent. The pH of the solution was maintained 
between 4 and 6 by the addition of appropriate quantities of perchloric acid or sodium hydroxide. 
The resulting solutions were warmed on a water-bath until the precipitates coagulated. The solutions 
were filtered, and the precipitates were washed with water and with methanol repeatedly to remove 
any free reagent The chelates were finally washed with benzene and with ether and dried at 110°C. 
During the preparation of the cobalt (II) chelates, a current of nitrogen was passed through the 
solution to prevent any oxidation. The C, H, N and metal analyses of the chelates are given in Table 1. 
Chelates with a 1 - 2 metal ligand ratio were obtained with copper (II) and nickel (II) and phenacyl¬ 
pyrazine and 2-pyridyl pyrazylmethyl ketone, and also with nickel (II) and cobalt (II) and 4-pyridyl 
pyrazylmethyl ketone All the other chelates were obtained as perchlorate salts m which the cation 
consisted of the reagent molecule in which the pyridine nitrogen was protonated 

Ultra-violet and visible spectra 

All the chelates were difficult to dissolve in common solvents Spectrograde methanol was chosen 
as the best solvent for these chelates. The concentrations of the solutions used m this work ranged 
from 1 to 10 mg of chelate per liter. The spectra of ail the solutions were recorded on a Cary Model 14 
spectrophotometer using a pair of 1 cm silica cells or a pair ofl 0 cm silica cells The spectra obtained 
are shown in Figs 1-4 and Figs 6-8. 

The ethanol soluble and the ethanol insoluble portions of the copper (II) chelate of 2-pyridyl 
pyrazylmethyl ketone were separated and their spectra obtained on a Beckman Model DB Recording 
Spectrophotometer (Fig. 5). 

RESULTS 

The ultra-violet and visible spectra of copper (II), nickel (II), and cobalt (II) 
chelates with phenacylpyrazine, 2-, 3- and 4-pyridyl pyrazylmethyl ketones II, are 


3 



ll 


summarized in Table 2 and Figs. 1-4. The general features of the copper (II) and 
mckel (II) chelate spectra resemble those of the parent compounds. Four principal 
regions of absorption are found in the chelate spectra as well as in the ligand spectra, 
~400, ~330, ~260, and ~240 m p. The 400 mp and the 330 mp bands are shifted 
~40 mp upon chelation. From the variation in intensity and position of the long 
wavelength bands with acid concentration, the dissociation of the metal chelate is 
J- D. Behun and R. Levine, J. Amer. Chem. Soc. 81, 5157 (1959). 
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readily observable. The behaviour of the 240 mp and the 260 m p bands depends on 
the ligand that is present in the metal chelate. Furthermore, the existence of the 
protonated pyridine cation is directly observable from the characteristics of the 240 
and 260 mp bands. 

The spectral evidence for the existence of two types of chelates of copper (II) and 
2-pyridyl pyrazylmethyl ketone, is discussed below. 


Table 2 -Charge-transfer spectra of metal chelates of pyrazylmethyl ketones in methanol 


Metal 

Phenacylpyrazine f 

2-Pyridyl 

3-Pyridyl 

4-PyridyI 

Cu(II) 

260 (4-04) f 

320 (3 94) 

403 (3 91) 

245 (4 23) t 

263 (4 17) 

398 (4 60) 
~410jA§ 

263 (4-33)f 

313 (4 26) 

400 (4-33) 

430 sh 

255 (4 06)f 
325 (3-92) 

400 (4-09) 
~430 sh 

Ni(II) 

265 (4 13) 

322 (3 88) 

408 (3 83) 

242 (4 03) 

263 (4-03) 

400 (4 14) 

268 (3 89) 
~340 (3 80) 
~415 (3 79) 

264f 

355 J 

~410 b sh 

Co(II) 


230 (4'19) 

270 (4-26) 
313(4-12) 

358 (4 22) 
~410 (4-04) 

265 (4 15) 

-—350 (3 96) 

412 (3 92) 

2651 

348 f 

~4I0 b sh 


f The values in parenthesis are log molar extinction coefficients 
t log molar extinction coefficients could not be determined to any accuracy 
§ b = broad band, sh = shoulder 


DISCUSSION 

Spectra of 2-pyridyl pyrazylmethyl ketone chelates 

The ultra-violet spectra of the copper (II) chelate and the free chelating agent are 
very similar in methanol solution, Ul Fig. 2. Four pnncipal regions of intense absorp¬ 
tion are observed ~400, ~330, ~260, and ~240 tnp, Table 2. Empirical band 
assignments for the free chelating agent have been made in a previous paper. 111 In 
dilute acid solution the spectrum of the copper (II) chelate varies with increasing acid 
concentration as does the spectrum of the free ligand, particularly the 240 mp band. 
This band decreases in intensity with decreasing pH and appears to be shifted to the 
blue, Fig. 2, 6 In our previous work we have deduced that this effect is caused by the 
protonation of the pyndine nitrogen Hence, the nitrogen atom in the pyridine ring 
is free, and can be protonated in the chelate and therefore chelation with copper (II) 
must occur with the far less basic pyrazine nitrogen, forming a six-membered ring. 

The absorption band at ~260 mp m 2-pyridyl pyrazylmethyl ketone is hardly 
affected if at all in going from methanol to 0 1 M acid, but is completely removed in 
strongly basic solution. (1) This band is made up of a composite of the tr — ny* 
pyridine absorption and the n — v* pyrazine absorption and hence on formation 
of the enolate anion it is shifted to 380 m^. (1) It is noteworthy that in acid solutions 
of the parent coihpound the band at 240 mp is essentially completely removed, but 
it is always present in the spectrum of the copper (II) chelate and is somewhat shifted 
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Fig 1 —Ultra-violet and visible spectra of the metal chelates of phenacylpyrazine in 

methanol. 



Fig 2 —Ultra-violet and visible spectra of the metal chelates of the 2-pyridyl compound 

in methanol 


to the red with respect to the parent compound. This implies that in the copper (II) 
chelate not all of the pyridine nitrogen atoms are tied up by chelation. Hence, the 
copper (II) chelate was extracted with ethanol, and the ratio of the absorbances at 
260 and 240 m/i were measured for a senes of extracts. The more soluble fraction had 
a lower ratio. By continued extraction it was found possible to isolate two different 
fractions that were distinctly different in colour. The fraction with the lower 260 m/r/ 
240 m n absorbance ratio is rich in the chelate in which a six-membered ring is present, 
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Pio, 3 —Ultra-violet and visible spectra of the metal chelates of the 4-pyridyl compound 

in methanol 
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Fro. 4 —Ultra-violet and visible spectra of the metal chelates of the 3-pyridyl compound 

in methanol 

and the pyrazine nitrogen is bonded to the metal atom. The fraction with the higher 
absorbance ratio has a five-membered chelate ring in which the pyridine nitrogen is 
bonded to the metal. In these two types of chelates a fine energetic balance is achieved 
between the greater basicity of the pyridine nitrogen and the five-membered ring 
stability as against the very much lower basicity of the pyrazine nitrogen and the 
six-member ring stability. The compensating factor is most likely the greater rr- 
bonding tendency of the pyrazine system as is indicated by its lower n excitation 
energy. <4) If the metal symmetry is assumed to be essentially D^, then the ligand w 

Preliminary report on the spectra of this compound, N. Naqvi, E L. Amma and Q. Fernando, 
Spectrochim. Ada 17, 1288 (1961). 












m ft 

Fig 5.—Ultra-violet and visible spectra of methanol extracted fractions of the Cu (II) 
chelate of the 2-pyndyl compound. 



m yi 

Fig 6 .—Ultra-violet and visible spectra of the Cu (II) chelate of the 2-pyndyl compound 
in acidic solutions of 90 per cent methanol 

electrons can mix with either the metal 4/>,(a 2u ) or the 3d xz , 3d v ,(e t ) orbitals. One 
might expect greater overlap and greater interaction between the metal a 2u orbital 
and the ligand 7r-system than between metal e, and ligand tt in spite of the greater 
energy separation between the ligand tt orbitals and the e g and a 2u orbitals. This is 
not only intuitively appealing and in line with the intense spectral bands, but is sup¬ 
ported by indirect evidence in other systems. <5) 

111 R E. Rundle, J. Phys. Chem 61, 45 (1957). 
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Fig 7.—Ultra-violet and visible spectra of the Cu (II) chelate of the 3-pyridyl compound 
m acidic 90 per cent methanol solution. 



Since it was shown the pyridine nitrogen is available for protonation in the copper 
(II) chelate of 2-pyridyl pyrazylmethyl ketone, it was decided to investigate the 
spectral behaviour of the chelate in acid solutions. Several features of the long 
wavelength bands at ~360 m n and ~400 m/i correlate well with the measured pA' 
values of the chelating agent. 01 In acid concentrations of ~10~ 5 M the spectrum is 
unchanged from that of the copper (II) chelate in methanol solution, but in acid 
solutions between 10 -5 and 10 -4 M the band at 400 m/i decreases monotonically in 
intensity (Fig. 6). In 10 -3 M this acid solution band splits into a doublet due to the 
prdtonation of the pyridine nitrogen. In an acid solution which is 10~ 2 M the chelate 
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begins to dissociate; 1 this can be readily seen from the absorption band at 360 m/x 
(?r — *Ttf) n> which is the intense enol band in add solution. 

It has been stated in the literature that there is no explanation for the red and/or 
blue shifts that are observed upon chelation of absorbing molecules. <#> We feel that 
in our systems we can at least rationalize the band shifts we observe on chelation. 
The red shift of the 230 m/x band on chelation with copper (II) is due to the increased 

Table 3.— Charge-transfer spectra op Cu(II) chelates of il 

PYRAZYLMETHYL KETONES IN ACID 90 PER CENT METHANOL SOLUTIONS ' 


Acid Strength 

2-Pyridyl 

3-Pyridyl 

4-Pyridyl 

1 x 10-' M 

230 ikf 

230 sh 

238 


265 

258 

256 


365 

300 

310 b sh 



355 

368 


425\ . ., . 
445 { doublet 

425 b sh 

430 b sh 

2 x 10-“ M 

244 

230 sh 



263 

264 

257 



310 

330 


398 

410 

405 


415 sh 

430 sh 

425 sh 


t b = broad, sh — shoulder 


conjugation of the pyridine system with the copper 4 p z orbital (charge-transfer). This 
is similar to what we observed in the case of the enolate anion.' 11 The blue shift that 
the 270 m/i band undergoes on chelation is due to some of the pyrazine rings being 
bonded on chelate formation and thus affecting the 7r-system of the pyrazine ring. 

The nickel (II) chelate spectral band maxima occur at approximately the same 
positions as in the copper (II) chelate of 2-pyridyl pyrazylmethyl ketone. However, 
it is to be noted that the log c values are generally smaller perhaps due to the fact 
that copper (II) is a better electron acceptor than nickel (II). Further, the broad 
absorption at ~360 m/x indicates that the nickel chelate probably dissociates in 
methanol and is therefore less stable than the copper (II) chelate. This lower stability 
of the nickel (II) chelate compared with that of the copper (II) chelate precluded the 
search for the two types of nickel (II) chelates analogous to the two types of chelates 
found with copper (II). 

The cobalt (II) chelate of 2-pyridyl pyrazylmethyl ketone appears to be appreciably 
dissociated in methanol solution from the presence of the strong band at 360 m/x. 
The analysis of the cobalt (II) chelate (Table 1), shows that this compound was 
isolated as a perchlorate salt. As will be discussed later, in the case of the 3-pyridyl 
and 4-pyndyl pyrazylmethyl ketone chelates, the presence of perchlorate salts can be 
unambiguously determined from the spectra, but due to the dissociation of the 
cobalt (II) chelate the relevant bands are obscured. 

Spectra of 3-pyridyl pyrazylmethyl ketone chelates 

The spectral behaviour of the copper (II) chelate of 3-pyndyl pyrazylmethyl 
ketone is very similar to that of the copper (II) chelate of the 2-pyridyl compound in 

A E Martell and M. Calvin in Chemistry of the Metal Chelate Compounds. Prentice-Hall 
(1952). 
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the '>-400 mfi, '>-'330 m/i and '>-'260 ra/x regions, but it is markedly different in the 
240 region. In our previous work it was shown that in the parent compound, the 
240 mp band is invariant in solutions of pH 7-11 and in methanol, but in contrast it 
is decreased considerably in intensity and shifted to the blue (~10mp) in acid 
solutions. This, of course, is due to the protonation of the pyridine nitrogen and it 
is clear that the copper (II) chelate of the 3-pyridyl compound that was dissolved m 
the methanol solution was a perchlorate salt. This feature in the spectra of these 
chelates can therefore be used in determining the presence of perchlorate salts of 
these compounds. The 240 mp band is present in the copper (II) chelate of 2-pyridyl 
pyrazylmethyl ketone for two reasons 1 (1) the perchlorate ion cannot readily form a 
salt with the 2-pyridyl compound due to a steric effect, and (2) the pyridine nitrogen 
is less basic in this system. 

In acid solutions of concentration less than 10~* M, the copper (II) chelate of the 
3-pyridyl compound is stable; however, in more concentrated acid solutions, the 
chelate dissociates as can be seen from the appearance of the enol band at 360 mp 
(rr — 7r* 2 ) and the tr — 7r 1 * band at 230 mp (Fig. 7). 

The nickel (II) chelate of the 3-pyridyl compound shows almost a continuous 
absorption with essentially no characteristic features and little can be said concerning 
its spectra. 

The analytical results show that the cobalt (II) chelate of the 3-pyridyl compound 
was isolated as a perchlorate salt but as in the case of the nickel (Il)chelate the spectrum 
is broad and almost featureless. 

Spectra of 4-pyridyl pyrazylmethyl ketone chelates 

The spectrum of the copper (II) chelate of the 4-pyndyl compound is very much 
like that of the copper (II) chelate of the 3-pyndyl compound, including the behaviour 
of the short wavelength band. Hence, this compound also exists as the perchlorate 
salt in methanol solution and this fact is further supported by the analytical results 
obtained for the chelate. 

In a 10~ 5 M acid solution of the copper (II) chelate of the 4-pyridyl compound, 
the spectrum differs very little from the spectrum in methanol, but in an acid 
solution of concentration KHM the chelate dissociates and the band at 360 m/x, 
characteristic of the enol form of the protonated molecule, appears. In 10 3 M acid 
solutions, the chelate appears to be completely dissociated (Fig. 8). 

The nickel (II) chelate of the 4-pyndyl compound is appreciably dissociated in 
methanol solution as evidenced from the 310 m^u and 360 mp bands and is not as 
stable a chelate as the corresponding copper (II) chelate. 

The cobalt (II) chelate of the 4-pyridyl compound is similar to the corresponding 
copper (II) chelate and is considerably dissociated in methanol solution. 

Spectra of phenacylpyrazme chelates 

The only important feature in the spectra of these compounds is the red shifts of 
the long wavelength bands on chelation. This is due to an increased delocalization 
of the v-e lectrons in the ring with the metal atoms. The absence of the 360 m,w band 
for the nickel (II) chelate indicates that it is the most stable of the nickel (II) chelates 
studied and does not dissociate in methanol solution. 

Acknowledgement —This work was supported by a research grant, G-9736, from the National Science 
Foundation, and a grant from the National Institute of Health 
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Abstract— Absorption spectra of the complex [UO|(NO a )i(TBP) t ] in various organic solvent solutions 
and that of [UO„(CH a COO) a ]- in water solutions of various acetates have been determined. The 
stepwise formation of uranyl acetate complexes has been followed spectrophotometrically. Char¬ 
acteristic features of spectral effects accompanying solvent exchange, outer-sphere association and 
ligand exchange involving the uranyl ion are discussed. Conclusions are drawn from the spectral 
effects observed regarding the interpretation of the absorption band of the uranyl ion between 370 
and 480 m/i 

The standard spectrophotometric methods of identification of complexes in solutions 
(continuous variations method, mole ratio method, method of corresponding solutions, 
etc.) and the spectrophotometric methods of establishing the stability constants, involve 
the supposition that every single complex has its own characteristic spectrum 
independent of changes takmg place outside its co-ordination sphere. This supposition, 
however, does not hold in general, and m doubtful cases should be verified before the 
methods, mentioned above are applied. 

The opinion prevails, that the d-d bands of transition metal complexes of the 3 d n 
series are determined by the composition of first co-ordination sphere and are only 
slightly influenced by the outer-sphere association' 1 ’ 2 - 31 or by exchange of the solvent.' 4 ’ 
The opinion is also often advanced, that the charge transfer spectra of such metal 
complexes are dependent not only on the composition of their first co-ordination 
spheres, but also, to a high extent, on outer-sphere association of ions. Smithson and 
Williams have suggested that this difference in the properties of the two kinds of 
absorption bands may serve as basis for experimental differentiation between complexes 
and ion-pairs, provided that both kinds of bands are present in the spectrum of the 
system investigated (1) 

In investigations of uranyl complex compounds measurements of light absorption, 
chiefly in the range of characteristic absorption band situated in the transition region 
between the visible and the ultra-violet (370-480 m/u), have been used extensively. 
However, in the case of this spectrum the validity of the assumption of the absence of 
influence of the medium on the spectra of individual complexes has not been proved 
so far. The analysis of this problem seems to be particularly necessary as the band in 
question is supposed to be of charge-transfer type. According to Jorgensen'®’ it must 
be due to the transfer of an odd electron from the ligand to the empty 5/-shell of the 
central ion. Provided that this interpretation is correct, we might expect a rather 
significant effect of medium changes on the spectra of individual uranyl complexes. 

111 J M Smithson and R J P Williams, J Chem. Soc 457 (1958). 

(!l J. F Duncan and D. L. Kepert, in The Structure of Electrolytic Solutions, pp. 395-399 Hamer, 
New York (1950). 

(,) H Taube and F A Posey, J Amer Chem Soc 75, 1463 (1953). 

J Bjerrum, A. W. Adamson and O Bostrup, Acta Chem, Scand. 10, 329 (1956). 

<SI Chr K. Jorgensen, Acta Chem. Scand. 11, 175 (1957). 
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The character of the spectral changes accompanying the stepwise complex 
formation by the uranyl ion has likewise not been investigated systematically so far 
In the case of transition metals, often mere changes of the spectrum corresponding to 
gradually chang in g concentration of the complex forming agent in solution provide 
essential information on the character of complex formation. t6,?> It might be hoped 
that a detailed investigation of these relations for the uranyl ion would enable some 
conclusions to be drawn regarding the processes occurring in solution with changing 
concentrations. 

The present work was undertaken with the object of determining the changes in the 
absorption spectrum of the uranyl ion in solution, owing to: 

(1) changes of the medium (solvent, electrolyte) without change of composition of 
the light-absorbing complex. 

(2) changes of the composition of the first co-ordination sphere. 

The absorption band in the range 370-480 m p has been studied. 

EXPERIMENTAL 

Uranyl nitrate and sodium acetate were purified by recrystallization. Uranyl perchlorate was pre¬ 
pared by repeated evaporation of recrystallized uranyl nitrate with perchloric acid, followed by cry¬ 
stallization The [UO a (NO a )„(TBP) a ] complex was prepared as described by Healy and McKay 1 " 1 
Lithium, potassium, calcium and barium acetates were prepared by the action of acetic acid respec¬ 
tively on lithium carbonate, potassium hydroxide, calcium oxide and barium hydroxide After evapo¬ 
ration the acetates were recrystallized All the reagents used were of reagent grade quality 

Solutions of known concentrations of uranium (VI) were prepared by weighing of [UO a (NO a ) a 
(TBP)j] or UO a (NO a ) a 2H a O The water content in UO a (NO,) a 2H a O was controlled by Karl Fischer 
titrations 

The concentrations of the acetates were determined by drying of weighed samples at 115-120 C 

The solvents—n-butyl alcohol, benzene, isoamyl acetic ester and cyclohexanone were distilled 
through a thirty plate column, and the proper fractions were collected Tri-n-butyl phosphate was 
purified by vacuum distillation followed by heating with 0 5 per cent solution of NaOH in water, 
during several hours and repeated washing with distilled water Carbon tetrachloride, iso-octane, 
cyclohexane, n-butyl ether and chloroform were purified by simple distillation Undecane (L Light 
&. Co. Ltd ) and n-decane (BDH) were used without previous purification. 

For dehydration of the uranyl nitrate solution in n-butyl alcohol, half of the primary volume of 
butyl alcohol was removed from the solution by distillation under vacuum After this operation the 
water content in the solution did not exceed 0 05 per cent The tn-n-butyl phosphate was dried by 
heating (40-60°C) during several hours under vacuum Special dehydration of the other solvents was 
not necessary In the hydrocarbons the water content was below 0-03 per cent, in carbon tetrachloride 
and in n-butyl ether below 0 08 per cent In butyl alcohol it was ca 0 03 per cent 

The water content in solvents and in solutions was controlled by Karl Fischer titration 

All operations with uranium solutions in organic solvents were performed in a dark room with 
orange light, as they proved to be photosensitive 

The absorption spectra were measured by means of a Unicam SP 500 spectrophotometer, at room 
temperature varying between 18-23°C 

RESULTS AND DISCUSSION 

Effect of the medium on the spectra of individual uranyl complexes 

The effect of the medium on the spectra of individual complexes can be relatively 
easily investigated m the case of inert complex-forming systems, but in labile systems 
such as those involving uranyl, the only possibility is to investigate the limiting 
(i.e the most highly complexed) complex, 

,8) W Lreus, Roczniki Chem 33, 931 (1959); 33, 951 (1959), 35, 411 (1961). 

171 W. Libus, A IJgniewska and S Minc, Roczniki Chem 34, 29 (1960) 

181 T V. Healy and H A C McKay, Trans Faraday Soc 52, 633 (1956). 



Absorption spectra of uranium (VI) complexes in solutions 


621 


j Effect of solvent on the spectrum of pJO,(NO g ) 2 (TBP) 2 ] complex. It was 
particularly convenient to investigate the effect of the solvent on the spectrum of the 
fUO^NO^BP),] complex because of its sufficiently high stability and solubility in 
non-donor or slightly donor organic solvents. 

Absorption spectra of this complex in tri-n-butyl phosphate, carbon tetrachloride, 
benzene, cyclohexane, isooctane, n-decane, undecane, n-butyl ether and chloroform 
were determined. The results are presented in Fig. 1, e being the molar extinction 



Wovelength, m/t 

Fig 1 . — Absorption spectra of U0 s (N0 8 ) 2 (TBP) a in various solvents* - tri-n-butyl 

phosphate, benzene, carbon tetrachloride, • • • cyclohexane,-isooctane,-n- 

decane and undecane, — x — n-butyl ether, — O — chloroform 

coefficient. The spectra of the complex in tri-n-butyl phosphate, benzene and carbon 
tetrachlonde solutions are shown as one common curve, because they are identical 
within the limits of experimental error. The absorption spectrum of the complex in 
butyl ether is also closely similar to that for tn-n-butyl phosphate solution. On the 
other hand the extinction maxima in the spectra of the [U0 2 (N0 3 ) 2 (TBP) 2 ] complex 
in isooctane, cyclohexane, n-decane and undecane are lower than those in the spectra 
corresponding to the other solvents, though their locations remain the same, as also 
do the intensity ratios of component bands. 
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The extinction curve of the complex in chloroform differs from the others b' 
relatively high values of the extinction coefficients and by markedly more diffuse 
vibrational structure These facts may in some way be related to the formation of 
hydrogen bonds between uranyl ions and chloroform. Among the solvents used in the 
present experiments chloroform is the only one possessing hydrogen atoms capable of 
forming hydrogen bonds. 

It is difficult to perceive any simple relation between the properties of the investigated 
solvents and the magnitude of the extinction coefficients of the [U0 2 (N0 3 ) 2 (TBP),] 
complex. Roughly speaking it can be stated, that the values of molar extinction 
coefficients of the complex decrease with the decreasing dielectric constant of the 
solvent. 

Reference should be made at this point to the work of Kaplan, Hildebrandt and 
Ader (9) , who reported a much weaker effect of the solvent on the spectrum of 
[U0 2 (N0 3 ) 3 ]~. They found that the spectrum of this complex was essentially the same 
independently of whether the complex was formed by addition of ammonium nitrate 
to a solution of uranyl nitrate in acetone or by additions of a number of ammine 
nitrates to solutions of uranyl nitrate in methyhsobutyl ketone or cyclohexanone. The 
differences in the positions of absorption maxima observed by these authors were 
about 1-2 m/i, the differences of extinction coefficient values at constant wavelengths 
did not exceed 2-3 per cent, whereas we observed a change from e = 8-25 to e - 10 3 
at 416 m,M on changing from n-decane to tn-n-butyl phosphate as solvent. 

2. Effect of ionic medium on the spectrum of [U0 2 (CH 3 COO) 3 ]~. The triacetate 
uranyl complex [U0 2 (Chl 3 C00) 3 ] _ has been selected for examination of the effect of 
an ionic medium on the spectrum of a single uranyl complex. As may be seen from 
the shape of the formation curve in Ahrland’s paper, <101 the triacetate is the limiting 
complex in relation to the acetate ion Moreover, it is quite stable in aqueous solutions, 
so that even at moderate concentrations of acetate ions all the uranium (VI) exists in 
the form of this complex. 

The absorption spectra of [U0 2 (CH 3 C00) 3 ] _ were determined in aqueous solutions 
of the buffers containing Li, Na, K, Ca or Ba acetates. The average mole ratio of 
acetic acid to the acetate was 2 5 The concentrations of acetates in solutions were 
0-322-O375 N. The experiments described below confirm the supposition that m 
solutions of this composition all uranyl ions occur in the form of triacetate complexes. 
Spectrophotometric measurements at higher concentrations of acetates have been 
performed only in the case of lithium and calcium salts. When sodium, potassium or 
barium acetates were used, a precipitate was formed at higher concentrations of the 
corresponding buffers. 

The absorption curves of the [U0 2 (CH 3 COO) 3 ]~ complex in the solutions under 
discussion are presented m Fig 2. For the sake of clarity only two extreme extinction 
curves have been drawn. The remaining ones lie between them. Two almost equally 
high absorption maxima appear at 420 and 432 mu m every case. As may be seen the 
nature of the cation does not affect the absorption spectrum of the uranyl complex 
Neither do we observe an effect of lithium acetate concentration, provided the minimal 
value necessary for the complete formation of [U0 2 (CH 3 C00) 3 ]~ has been exceeded 
(Fig. 4). It is worth stressing, however, that the system investigated did not provide a 

L - Kaplan, R. A. Hildebrandt and M. Ader, J Inorg. Nucl. Chem 2, 153 (1956). 

S. Ahrland, Acta Chem Scand. 5, 199 (1951). 
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ssibflity of any stronger interaction between the uranyl complex ion and the other 
j’ ns present in solution, because of the isolating action of methyl groups. Other 
uranyl complexes might permit stronger interaction. 

ln t j, e paper already cited'®’ it has been demonstrated that the spectra of the 
trinitrate uranyl complex are closely similar, whatever the organic cation present in 
solution These results suggest, that in this case too the effect of the ionic medium 
on the spectrum is insignificant. 



Fig. 2.—Absorption spectra of [UO,(CH,COO)s]~ in water solutions of various acetate 
buffers:-0 349 N CH„COONa,-0-735 N CH s COOLi. The remaining absorp¬ 

tion curves of [UOj(CH 3 COO),] _ in solutions of 0 351 N CHsCOOLi, 0-375 N 
CH.COOK, 0 342 N and 1-09 N (CH,COO),Ca and 0 322 N (CH s COO),Ba he 
between the two curves shown in the figure. 

The concentration of uranium (VI) in all solutions was kept within the limits 0 0212- 

0-0213 M. 

Spectral effects resulting from ligand exchange in uranyl complexes 

1 The exchange of co-ordinated water molecules for acetate ions. It might be 
expected that on introduction of acetate into an aqueous solution of uranyl perchlorate, 
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a stepwise substitution of co-ordinated water molecules by acetate ions would take 
place This might therefore be expected to occur according to the scheme: 

[CJ0 2 (H 2 0) 8 ] 8 ^ -*• [U0 2 (CH 3 C00)(H 2 0) 4 ]+ -*> [UO e (CH 3 COO) g (H s O) 4 ] 

— [U0 2 (CH g COO) 8 ]-. 

The acetate complexes would then be similar to the nitrate complexes.™ 



380 400 420 440 460 

Wavelength, m p 

Flo 3 —Absorption spectra of U0 s (C10 4 )s in water solutions in the presence of lithium 
acetate buffer, the concentration of acetate being, 1 —0 0 N, 2—0 00332 N, 3—0 00792 
N, 4—0 0112 N, 5—0 0144 N, 6—0'0279 N, 7—0 0400 N, 8—0 0581 N, 9—0 0727 N, 

10—0 102 N, 11—0 351 N 

The concentration of uranyl perchlorate was 0 0210-0'0213 M. 

Although the formation of acetate uranyl complexes in water solutions has been 
studied in detail by Ahrland, only a few spectra have been determined. The 
determination of a complete set of absorption curves corresponding to gradually 

1111 S Minc and 2." Ljbus, Radiokhuniya 2, 643 (1960). 
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incre a sin g concentrations of acetate seemed therefore to be of interest. The acetate 
ions were introduced by addition of buffer consisting of acetic acid and lithium acetate 
m the mole ratio of 2-52. According to the data in Ahrland’s paper it is believed that 
very little, if any, hydrolysis of the uranyl ion should occur in the presence of such a 
buffer. 



Fig 4 —Dependence of extinction coefficients of uranium (VI) on the concentration of 
lithium acetate for various wavelengths 1—460 m /u, 2—426 m/4, 3—444 m/4, 4—414 
m/4, 5—410 m/i, 6—430 m/4, 7—432 m ft 

As may be seen from Fig. 3 and 4 the changes of the uranyl ion absorption spectrum 
taking place on increasing the concentration of acetate ions are rather surprising. In 
the range of lower concentrations of acetate ions up to 0-0279 N there is only a very 
small and gradual shift of the absorption band towards longer wavelengths, 
accompanied by a significant increase of extinction coefficient values and some 
diffusion of the vibrational structure. The difference in the position of the band for a 
solution at lithium acetate concentration 0-0279 N and that for a water solution of uranyl 
perchlorate without acetate amounts to 3 m/x. In this range of acetate ion concentration 




the formation' of consecutive [UO S (CH 8 COOXH 2 0) 4 ] + and [UOXCHjCOOJjCHjO),,] 
complexes might be expected. Much more pronounced spectral changes are 
observed at concentrations of lithium acetate within the range 0 , 0400-0‘209 N. At 
these concentrations the evolution of the limiting spectrum may be seen, which 
afterwards remains unaffected by further increase of the acetate ion concentration in 
solution There is no doubt that the limiting spectrum is due to the limiting complex 
[U0 2 (CH 3 C00) 3 ]“ The component vibration bands in this spectrum are very 
distinct and the absorption maxima are displaced towards longer wavelengths by 
about 5 mfi in comparison with the spectrum of the hydrated complexes. In the range 
of lower concentrations, close to those corresponding to the limiting spectrum, several 
isosbestic points are observed. In this concentration range, therefore, only two kinds 
of complexes can exist. probably the limiting triacetate complex and the diacetate. 

It is important to note that the disappearance of the vibrational structure observed 
in the spectrum at 0 0279 N concentration of lithium acetate (curve 6 in Fig. 3) 
obviously results from a superposition of the spectrum of the triacetate complex and 
that of a lower complex, the maxima of which are displaced to each other by several 
rcifi. From the above example it becomes evident that the prominence of vibrational 
bands in the spectrum of a uranyl complex of a given composition on the one hand, 
and the development or disappearance of vibrational bands in the spectra of solutions 
usually containing a mixture of two or more different complexes on the other, present 
two entirely different problems. It may easily be seen, that a distinct vibrational 
structure is characteristic of the spectra of uranyl complexes having only a small 
possibility of intermolecular interaction with the medium, e.g. 

[U0 2 (CH 3 C00) 3 ]~, [U0 2 (N0 8 ) s ]-, [U0 2 (N0 s ) 2 (TBP) 2 ]. 

Uranyl complexes containing water are characterized, on the other hand, by a much 
less distinct vibrational structure, obviously as a result of the formation of hydrogen 
bonds between the coordinated water molecules and molecules or ions outside the 
co-ordination sphere. This observation is in agreement with the theory of Bayliss and 
McRae which explain the blurring of vibrational structure in solution spectra in terms 
of the s.c cage effect ,12) Almost complete disappearance of the vibrational bands 
(e.g. as in curve 6, Fig. 3) can probably occur only as a result of the superposition of 
the spectra of two or more different complexes. Such situations have been met when 
investigating the spectra of the systems: U0 2 (N0 3 ) 2 4- TBP + C 4 H 9 OH (n) and 
U0 2 (N0 3 ) 2 + LiCl + H 2 0. (13 > 

The formation of the lower uranyl acetate complexes manifests itself only by 
relatively small spectral effects It may indeed be said that their formation results 
only in a deformation of the spectrum of the hydrated uranyl ion. This can be explained 
by assuming that, m the region of lower concentrations of acetate ions in solution, 
only outer-sphere association of acetate ions with the hexahydrated uranyl ions takes 
place, and that displacement of water molecules co-ordinated by the uranium does not 
occur until the limiting complex [UOafCHgCOO^]- begins to form. This interpretation 
involves the assumption that the outer-sphere association of the complex ion 
[U0 2 (H 2 0) 6 ] 2+ with CH 8 COO~ anions results m a relatively significant change of its 
spectrum. This assumption is not necessarily in contradiction with the observations 

a ” N. S Bayliss and E. G McRae, J Phys Chem 58,1002 (1954). 

,I " M Siekierska, Unpublished results (1959). 
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discu ssed in the previous section, because the possibility exists of hydrogen bond 
formation between the associating ions in this case, whereas such interactions were 
impossible for [U0 2 (CH 3 COO) 3 ] _ . On the other hand it is difficult to understand why 
in a certain concentration range only outer-sphere association should take place and 
the displacement of water molecules by anions should be possible only after some 
boundary conditions have been exceeded. Further investigations directed to a solution 
of this problem will be undertaken in the near future. 

It is important to note that the character of the spectral changes observed for the 
U 0 2 *+-CH 3 COO~ system is not exceptional. Closely similar spectral effects have been 
observed in the work of Minc and Ugniewska (14) for the system U0 2 2+ -N0 3 "\ In 
this system, however, even in the most concentrated nitrate solutions, the trinitrate 
complex [U0 2 (N0 3 ) s ]- did not form. 

2. The exchange of co-ordinated organic solvent molecules for water molecules. It 
seemed to be of interest, in addition to the experiments described in the previous 
sections, to study also the character of spectral changes accompanying the exchange 
of electrically neutral ligands in uranyl complexes. Ligand exchange of this kind has 
already been dealt with in a previous paper' 11; where the system U0 2 (N0 3 ) 2 -TBP- 
C 4 H fl OH was investigated. In the present work we have investigated the exchange of 
several organic solvents for water in the co-ordLnation sphere of the uranyl ion. This 
kind of ligand exchange is of some practical importance as it usually takes place in 
solutions of uranyl salts in organic solvents 

In the first place the spectra of solutions of uranyl nitrate m n-butyl alcohol at 
varying concentration of water have been determined. This is one of the few organic 
solvents apart from tri-n-butyl phosphate for which nearly anhydrous solutions of 
uranyl nitrate can be prepared relatively simply. 

All solutions in this series of experiments were acidified with nitric acid, its 
concentration varying between 0 012-0-025 M. This concentration proved to be 
necessary to avoid the errors due to hydrolysis. Nonacidified solutions showed higher 
extinction values. 

Assuming a stoichiometric exchange of ligands we should expect the following 
series of complexes to be formed on increasing the concentration of water in the 
solutions. 

[U0 2 Bu 2 (N0 3 ) 2 ] — ► [U0 2 (N0 3 ) 2 BuH 2 0] —► [U0 2 (N0 3 ) 2 (H 2 0) 2 ] — * 

—>.[U0 a (H 2 0) 6 ] 2 + 

There is little doubt that in the region of lowest concentrations of water in the solutions 
a displacement of alcohol molecules rather than of nitrate ions by water will take place. 

Several of the extinction curves determined are presented in Fig. 5. As may be 
seen from the figure the exchange of butyl alcohol molecules for water in the co¬ 
ordination sphere of the uranyl ion is accompanied by a considerable change of the 
absorption band, its position being shifted towards shorter wavelengths. Also in this 
series of experiments a range of concentrations may be observed, within which the 
corresponding absorption curves lose their vibrational fine structure (e.g. the curve 
corresponding to a water concentration of 6-69 M). From Fig. 5 it is evident that this 
effect results from a superposition of the spectra of different species. 

11,1 S Minc and A. Ugniewska, Radiokhimiya 3, 137 (1961) 
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Further examples of spectral changes due to penetration of water into the co¬ 
ordination sphere of the uranyl ion are given by the absorption curves presented 
in Fig 6 They represent the spectra of solutions of uranyl nitrate dihydrate in 
anhydrous and nearly water saturated solvents of different chemical constitution, 
viz • cyclohexanone, n-butyl ether and isoamyl acetic ester. In this case even solutions 
with the lowest water content probably contained water in the co-ordination sphere 



Wavelength, m ji 

Fig 5.—Absorption spectra of U0 2 (N0 3 ) 2 in n-butyl alcohol at various concentrations 

of water. — — 0 05 M,-0 94 M, — x — 3-47 M, — 6-69 M, • 0 02 M, non- 

acidified solution, — o — water solution 
The concentration of uranyl nitrate was 0 0727-0 0749 M. 

of the uranyl ion. Although it is difficult to define more closely the ligand exchange 
process taking place in this case it may be seen that the corresponding changes of the 
spectrum are of the same magnitude as those observed in other processes of ligand 
exchange involving the uranyl ion 

From the experiments above the conclusion may be drawn that uranyl nitrate in 
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organic solvent solutions containing small quantities of water may exist in the form of 
\ arious complexes possessing different spectra. This fact must be taken into considers* 
tion in all Spectrophotometric investigations of the formation of uranyl complexes in 
organic media. 



Wavelength, m/u 

Fia 6—Absorption spectra of UO a (NO,) a '2H a O in different organic solvents at 
various concentrations of water, — O — 0 33 M in n-butylether, • • • • 0-60 M m n- 
butyl ether, — x — 0 27 M in isoamyl acetic ester, — — 1 '27 M m isoamyl acetic ester, 

-0-19 M in cyclohexanone,-2'16 M in cyclohexanone. 

The concentration of uranyl nitrate was 0-0731-0 129 M. 

On the interpretation of the absorption band of the uranyl ion 

According to Jorgensen 15 ' the characteristic absorption band of the uranyl ion, 
usually located between 370 and 480 m/*, is due to the transfer of an odd electron from 
a ligand to the empty 5/-shell of a uranium atom. Our work introduces some new 
considerations in the interpretation of this band. 
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In typical electron-transfer spectra the displacement of water molecules of hydrated 
cations by other ligands of lower ionization potentials results in the appearance of new 
absorption bands m the range of longer wavelengths in comparison with the positions of 
absorption bands of hydrated cations. Thus the formation of chloro complexes of 
lead(II) in water solution manifests itself by the appearance of a new band ca. 3800 
cm -1 distant from the absorption band of the hydrated cation and displaced towards 
longer wavelengths' 161 . The corresponding difference in the case of cupric chloro com¬ 
plexes amounts to ca. 10,000 cm- 1 ,' 14 * and in the case of ferric chloro complexes to 
16,000 cm- 1 . 117 * Moreover the lower halogeno complexes of the above mentioned 
metals possess at the same time the charge transfer bands characteristic of hydrated 
cations as well as the bands corresponding to the other ligand. (18) None of these 
characteristic features of charge transfer spectra are observed among the spectral 
effects accompanying complex formation by the uranyl cation. The appearance of 
new absorption bands on introduction of new ligands into the co-ordination sphere 
of this ion have not been observed, and the differences in the positions of the absorption 
band for different complexes are not obviously related to the ionization potentials of 
the corresponding ligands. Even the formation of chloro complexes in aqueous 
solution only manifests itself in the spectrum of the uranyl ion by a shift of about 
790 cm -1 towards the red ,13> 

The author believes that these facts may be understood by assuming that the band 
in question is due to an electron process localized within the U0 2 2+ group, and does 
not correspond to the transfer of an electron from a ligand co-ordinated by this ion to 
the uranium atom Possibly it might correspond to an electron transfer from O 2- to 
U* + in the U0 2 group. The rather large dependence of the band on the properties of 
the solvent supports the charge-transfer interpretation of Jorgensen, with the 
limitation formulated above 

CONCLUSIONS 

(1) The differences in intensity of the absorption band between 370 and 480 m/t of 
the same uranyl complex when dissolved in different solvents may amount to several 
score per cent At the same time the position of the absorption band and the 
distribution of intensities among the component oscillation bands remains practically 
unaffected. 

(2) The magnitude of the effect of ionic medium (and of eventual outer-sphere 
association) on the absorption band of uranyl complexes depends on their structure 
It is rather small in the case of complexes “well isolated” from outer interactions In 
the case of uranyl complexes possessing water in their co-ordination spheres the effect 
of outer-sphere association on the spectrum seems to be marked. It consists of a 
significant increase of intensity, accompanied by some diffusion of the oscillation 
structure and small change of the position of the band. 

(3) Ligand exchange m the co-ordination spheres of uranyl ions is accompanied by 
a displacement of the absorption band of several millimicrons and a change of intensity 
distribution among component oscillation bands The magnitude of the displacement 
contradicts the interpretation of the band by an electron-transfer between ligands of 

H Fromhertz and Kun-Hou Lih, Z Phys Chem A 153, 321 (1931). 

E. DoEHLEMA.NN.and H. Fromhertz, Z Phys Chem A 171, 353 (1934). 
u ” G A. Gamlen and D O Jordan, J Chem Soc 1453 (1953), D. E. Metzler and R. Myers, J. 

Amer Chem. Soc. 72, 3776 (1950), 

(1S) W. Libus. To be published 
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the uranyl ion and the empty S/shell of the uranium atom. The conclusion is that the 
ibsorption band corresponds to an electron process localized in the U0 2 group. 

(4) Complete, or almost complete disappearance of component oscillation bands 

in the spectrum of solutions results from the superposition of spectra of different 
complexes present. The oscillation bands in the spectra of individual complexes are 
the better developed, the less is the possibility of interaction of co-ordinated ligands 
with the medium. . >' 

(5) Owing to the significant effect of the medium on the spectra of ihdividual 
uranyl complexes, the possibility of application of light absorption measurements in 
the range 370-480 m/j. in investigations of complex forming equilibria is rather limited. 
Nevertheless the observation of spectral changes with gradually changing concen¬ 
trations may lead to important conclusions regarding the character of the processes 
undergone by the uranyl ion in the corresponding solutions. 

Acknowledgement —The author wishes to express her sincere thanks to Professor S Minc, for his 
continued interest and for helpful discussions. 
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Abstract-Compound formation has been investigated in the CdO-B t O» system From X-ray 
examination, differential thermal analysis, and high temperature microscopy, it is concluded that 
three compounds can be prepared by ceramic techniques; 3CdO.B t O,, 2CdO B a O s , and 2CdO 3B,0,. 
In contrast with the findings of other workers, the 2CdO.B,O t compound was not found to be metas¬ 
table below 780°C, nor could a 3CdO 2B,0, compound be prepared 

The first investigators to make a full study of the Cd0-B 2 0 3 system were Subbarao 
and Hummel (1) who in 1956 reported fully on the thermal, optical and X-ray diffrac¬ 
tion characteristics of the four compounds they obtained, 3Cd0.B 2 0 3 , 2Cd0.B 2 0 3 , 
3CdO 2B 2 0 3 and 2Cd0.3B 2 0 3 . From partial studies of the system, earlier workers’®’ 31 
had described 2 1,1 1 and 2 3 CdO.B 2 O s compounds but Subbarao and Hummel 
could find no evidence for the existence of a 1:1 compound. 

In connection with other investigations, some cadmium borate compounds were 
needed, and an attempt was made to prepare the four reported by Subbarao and Hum¬ 
mel Three of the compounds were readily obtained, but a number of attempts to pre¬ 
pare the fourth compound, 3Cd0.2B 2 0 s , were not successful. To investigate this 
apparent discrepancy further, a more detailed study of the system was made. 

EXPERIMENTAL METHODS 

Laboratory grade boric acid, cadmium oxide and cadmium carbonate were used The various 
preparations were made by thoroughly mixing and grinding the starting materials in appropriate 
proportions, firing and then regrinding before a final heat treatment Platinum vessels were used 
throughout The details of the treatment for each preparation are given in Table 1 

Compositions were checked by the weight loss which occurred on firing and also by chemical 
analyses, and always agreed closely with the nominal compositions as listed in Table 1. X-ray 
diffraction patterns were obtained using a Philips II 46 cm diameter camera, with Ni-filtered Cu- 
radiation. More accurate intensity measurements were also made with a Philips High-Angle dif¬ 
fractometer, and a proportional counter 

Differential thermal analysis (D T A ) was used to examine a number of the preparations. One 
gramme samples were placed in a platinum crucible, and an identical crucible was filled with a dried 
a-alumina The two crucibles, placed in a ceramic holder, were heated to 1000°C tn a horizontal tube 
furnace at a rate of 10'C/min. The temperature difference between the sample and standard was 
measured using a differential Pt/Pt 13 % Rh/Pt thermocouple, the output from which was fed through 
a d c. amplifier to a pen recorder. The temperature of the standard was obtained with another 
Pt/Pt 13 Rh thermocouple and recorded on the same chart 

Melting points were also determined with an apparatus similar to that described by Welch 1 * 1 . A 
small specimen is observed, through a microscope, at the tip of a thermocouple junction, and is 
heated by passing an electric current through the thermocouple wire A rapid switching device 
enables the thermal e.m.f. to be measured as the sample is heated 

* Now at Northampton College of Advanced Technology, London 
111 E C Subbarao and F A. Hummel,/. Electrochem Soc. 103, 29 (1956). 

121 Th P J. Botden and F A Kroger, Physica 13, 261 (1947) 

151 C. Mazetti and F. deCarli, Cass Chim, Jtal. 56, 19 (1926). 

141 J H Welch. / Sci Instrum 31, 458 (1954). 
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Sodium chloride fm.p. 800-4°C ,5, j was used as a standard substance for melting point deter¬ 
minations. These were found to be reproducible within ±5°C, both by D.T.A. and by microscopy 
methods. 

RESULTS AND DISCUSSION 

Tabic 1 lists the preparations examined and gives details of heat treatment and the 
phases detected by X-ray examination. Three compounds were found in the system, 
3CdO.B 2 O s , 2CdO.BjOg and 2Cd0.3B 2 0 3 and X-ray powder diffraction data for them 


Table 1.—Molar compositions of preparations, material used, heat treatment and compounds 

DETECTED BY X-RAY EXAMINATION_ 



CdO B.O, 


Heat 

Compounds 


ratios 

Materials used 

treatment 

detected 

1 

3 1 

Bone acid and cadmium 

16 hr at 850“C 

3CdO B,O a 



oxide 



2 

2 I 

Boric acid and cadmium 

16 hr at 850"C 

2CdO B a O, 



oxide 



3 

3 2 

Bone acid and cadmium 

16 hr at 850°C 

A mixture of 



oxide 


2CdO B a O, and 
2CdO 3B a O„ 

4 

5 4 

Bone acid and cadmium 

16 hr at 850“C 

A mixture of 



oxide 


2CdO BjO, and 
2CdO 3B 2 Oj 

5 

1 1 

Bone acid and cadmium 

16 hr at 850 C 

A mixture of 



oxide 


2CdO.B s O, and 
2Cd0.3B a 0„ 

6 

2 3 

Boric acid and cadmium 

16 hr at 850"C 

2CdO 3B a O a 



oxide 



7 

4 9 

Boric acid and cadmium 

16 hr at 800°C 

2CdO 3B,O a and 

8 

2 1 

oxide 

Further heat treatment 

40 hr at 725°C 

•glassy’ B a O a 

2CdO B a O s 



of preparation 2 



9 

2.1 

Boric oxide and cad- 

16 hr at 725°C 

2CdO B a O, 



mium oxide 


10 

2.1 

Boric oxide and cad- 

16 hr at 725“C 

2CdO BjO s 



mium carbonate 




are listed in Table 3. Subbarao and Hummel also found these three compounds, and 
their X-ray data are m fair agreement with those of the present investigation In 
neither study was a CdO.B 2 O s compound detected. However, a 3CdO 2B 2 0 3 com¬ 
pound was found by Subbarao and Hummel, who also reported that the 2CdO.B 2 0 3 
compound was unstable below 780°C. Neither of these two findings could be con¬ 
firmed. 

In a careful study of the region between 2Cd0.B 2 0 3 and 2CdO 3B 2 0 3 , no evidence 
was found for the existence of a 3Cd0.2B 2 0 3 compound and mixtures of the 2:1 and 
2:3 compounds were always formed. The X-ray diffraction patterns shown m Fig. 1 
illustrate this for the 3Cd0.2B 2 0 3 composition. These findings were supported by 
D.T.A. and high temperature microscope studies. Liquidus temperatures for several 
compositions were measured by both these methods, and results in good agreement 
were obtained. Comparison with the earlier data is made in Table 2 and it will be seen 
that for the 3Cd0.2B 2 0 3 composition, the two results differ substantially. The lower 
value of the preseflt investigation is consistent with the presence of a mixture. 

H S Roberts, Phys Rev 23, 386 (1924) 

P. fl; Hart and S E. F Smallwood, Paper in preparation 
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d 

///. 

d 

///. 

d 

///, 

421 

30 

611 

20 

5 51 

65 

3 71 

20 

5 92 

30 

5 37 

100 

360 

10 

4 62 

100 

4 62 

40 

340 

20 

4 37 

15 

415 

50 

3 23 

25 

3 20 

45 

4 10 

25 

2 98 

35 

306 

35 

3 72 

65 

290 

25 

300 

25 

3 59 

50 

2 86 

100 

2 96 

40 

3 55 

35 

2 81 

15 

2 83 

100 

3 20 

90 

2 78 

20 

2 76, 

60 

2 98 

20 

2 67 

80 

275. 

40 

2 92 

50 

2 43 

75 

2 71 

25 

2 56 

90 

2 38 

20 

2 58 

25 

2 28 

50 

1 86 

20 

2 56 

15 

2 01 

35 

1 81 

20 

2 40 

15 

1-97 

50 

1 78, 

40 

2 38 

5 

1 84 

15 

1 77, 

20 

2 33, 

10 

1 83 

20 

1 70 

20 

2 32, 

15 

1 82 

25 

1-68 

15 

2 25 

15 

1 78 

20 

1 66 

15 

2-22 

15 

1 73 

20 

1 49, 

15 

209 

50 



148, 

10 

2 02 

20 



1 46 

25 

1 73„ 

25 





172, 

20 





1 72, 

15 





1 63, 

20 





1 63, 

15 





1 59 

20 




The conclusions from our own work are reinforced by some of the observations of 
Subbarao and Hummel. Their sets of X-ray data for the 3:2 and 2:1 compounds have 
many strong lines in common, and both sets contain additional lines when compared 
with our own data. In optical properties there is a marked similarity; both the 2:1 
and the 3.2 compounds form highly birefnngent crystals, with refractive indices sur¬ 
prisingly close in view of the difference in cadmium oxide content. Taken alone, these 
properties of the 3:2 composition would certainly suggest that the 2:1 compound was 
the major constituent, with smaller amounts of another material also present. 
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From the structural viewpoint, a 3M0.2B 2 0 3 compound is possible; the simplest 
anion would have the formula (BA,) 6- and a possible structure would be a chain of 
four boron atoms linked by oxygens. However, no such compound or anion has yet 
been reported in other divalent metal borate systems. In a study of borate anions and 
their structures by infra-red methods 181 a 3Cd0:2B a 0 3 composition was examined, 
and the spectrum obtained was clearly that of a mixture of the 2Cd0.B 2 0 3 and the 
2Cd0.3B 2 0 3 compounds. 

Three compounds only have been identified in the Cd0-B 2 0 3 system in this work; 
these are 3CdO.B 2 O a and 2Cd0.3B 2 0 3 . No evidence has been found for either a 
CdO.BA or a 3CdO 2B 2 0 3 compound. 
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PREPARATION OF ANHYDROUS LANTHANON 
ACETATES BY DESOLVATION * 

i' 

J. R. WiTTf and E. I. Onstott > 

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 

{Received 2 May 1961; in revised form 14 June 1961) 

Abstract—Anhydrous acetates of Y, La, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu were prepared by 
desolvation of the acetates in vacuum at 150°C after dissolution of the oxides m 50 per cent acetic 
acid and evaporation to dryness Acetates of Pr and Nd did not reach constant composition before 
decomposition occurred A hemihydrate of Sm acetate was formed which decomposed at tempera¬ 
tures above 150°C without converting to the anhydrous acetate. Hemihydrates of Tb and Ho were 
formed at about 7S°C 

1 he anhydrous acetates of the heavy lanthanons are particularly useful for studying 
the electrochemical separation of these lanthanons in methanol electrolytes.' 1 * It was 
therefore of interest to find an easy method of synthesis and to characterize the 
resulting preparations. 

It was found that acetates of the heaviest lanthanons, prepared by evaporation to 
dryness of the aqueous acetic acid solutions, are easily desolvated to give the anhydrous 
salts Consequently this method was extended to include a study of the entire series 
except for Ce and Pm 

Methods of preparing the anhydrous acetates of some of the lanthanons have been 
reviewed by Seaton, et al,, m who prepared anhydrous acetates of La, Nd and Sm by 
refluxing the oxides with acetic anhydride. fZ * We were able to confirm their results. 
More recently, Moeller, Galasyn and Xavier (3) described preparation of anhydrous 
acetates of La, Dy, Ho, Er, Yb and Y by treatment with N,N-dimethylformamide 
and benzene with subsequent azeotropic distillation Anhydrous acetates of Ce, Pr, 
Nd, Sm, Eu, and Gd were prepared by the same workers' 3 * by vacuum desolvation 
of N,N-dimethylformamide monosolvates of these lanthanon acetates. 

EXPERIMENTAL 

Lanthanons The oxides were recently purchased from commercial suppliers and specified to be 
of 99 9 per cent or better purity 

Method Ten grammes of the oxide were dissolved in about 500 ml of 50 per cent acetic acid on a 
steam plate and the resulting solution was evaporated to dryness with the temperature of the crystal¬ 
lizing salt kept at about 75°C until most of the solvent was removed i The dried salt was then trans¬ 
ferred to a weighing bottle and placed in a Pyrex vacuum desiccator containing NaOH (Ascante) 
and Mg(C10,) a After evacuation with a vacuum pump the entire desiccator was heated in an oven 
at the desired temperature (See Table 2) until the salt reached a constant weight. 

* Work was done under the auspices of the Atomic Energy Commission. Reprint requests should be 
sent to the Los Alamos Scientific Laboratory, P O. Box 1663, Los Alamos, New Mexico 

t Present address Department of Chemistry, The University of Minnesota, Minneapolis, Minn. 

t Pr, Nd and Sm form a viscous polymeric glass on evaporation 

111 E. I Onstott, Division of Inorganic Chemistry, 138th Meeting, ACS, New York, N.Y., 1960. 

L A. Seaton, F. G Sherif and L F Audrieth,/. Inorg Nucl. Chem 9, 222 (1959) 

<31 T Moeller, V Galasyn and J. Xavier, J. Inorg Nucl Chem. 15, 259 (I960). 
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Oxide* of the lighter lanthanons were generally easily dissolved, but the heavy lanthanons were 
much more slowly dissolved. For example, the Lu t O t sometimes required a week of heating on a 
steam plate for complete dissolution. Hydrogen peroxide was used to aid the dissolution of Pr e O n 
and Tb 4 0,, 

Analyses. The metal was determined by the classic method of ignition to the oxide. Carbon and 
hydrogen analyses were done in the conventional manner. Samples of about 200 mg were burned in 
a stream of dry oxygen so that the weighed CO s and H t O samples would be large enough to give 
good precision The precision on carbon determinations was better than five parts per 1000 and the 
precision on hydrogen determinations was ten parts per 1000 or better 
Analytical results on prepared acetates are given in Table 1. 


Table 1 —Analytical data on anhydrous acetates and hemihydrates 


Lanthanon acetate 

Calculated 

Found 

H (%) 

C(%) 

Ln (%) 

H (%) 

C(%) 

Ln (%) 

Y(OAc), 

3 

•41 

27 09 

33 42 

3 42 

26-96 

33 7 

La(OAc), 

2 

•87 

22'80 

43 96 

2 83 

22-74 

43 8 

Eu(OAc) s 

2 

76 

21-89 

46 18 

2 74 

21-81 

46 3 

Gd(OAc)„ 

2 

71 

21 55 

47 03 

2 69 

21 47 

47 2 

Tb(OAc) 3 

2 

70 

21-44 

47-29 

2 68 

21 31 

47-1 

Dy(OAc), 

2 

67 

21 22 

47-85 

2 63 

21 10 

48-0 

Ho(OAc) s 

2 

65 

21 07 

48 22 

2 63 

20 89 

48 4 

Er(OAc)j 

2 

63 

20 92 

48 57 

2 61 

20 77 

48 7 

Tm(OAc), 

2 

62 

20-82 

48 82 

2-62 

20 73 

48-8 

Yb(OAc) s 

2 

59 

20-58 

49 42 

2 57 

20-41 

49-6 

Lu(OAc) a 

2 

58 

20 46 

49-70 

2 57 

20 43 

49 8 

Sm(OAc), 0 5 H*0 

3 

00 

21 41 

44-68 

2 95 

21 27 

45 0 

Tb(OAc). 0 5 H a O 

2 

92 

20 87 

46 02 

290 

20 90 

46 0 

Ho(OAc), 0 5 H a O 

2 

86 

20 43 

46 77 

2 86 

20 51 

47 1 


Infra-red observations Some of the anhydrous acetates were examined with a Baird Model B 
spectrophotometer by incorporating the acetates m potassium bromide pellets Absence of hydroxy 
salts, hydrates and acetic acid solvates were indicated by the low absorption at the wavelengths where 
OH normally strongly absorbs 

DISCUSSION OF RESULTS 

The conditions required to obtain acetates of definite composition are listed in 
Table 2 

Pr and Nd are included in the table but do not reach a constant composition before 
decomposition occurs Sm forms a hemihydrate at 150°C which decomposes at higher 
temperatures before the remaining solvent is removed. Tb and Ho likewise form 
hemihydrates, but at a lower temperature of about 75°C. Desolvation of the latter two 
salts takes place completely at 150°C and the anhydrous acetates are formed. We made 
no attempt to prepare hemihydrates other than those listed. 

The behaviour of Y is expected since it normally behaves more like the middle and 
heavy lanthanons than like Pr, Nd and Sm. The behaviour of Pr, Nd and Sm in not 
forming anhydrous acetates by the same desolvation procedure that anhydrous 
acetates of Eu and heavier lanthanons are formed seems to indicate an effect of ion 
size on crystal structure. However, La with the largest cation radius is perhaps 
unusual in forming the anhydrous acetate by desolvation. The crystal structure of 
anhydrous La and Eu acetates would not be expected to be similar, but anhydrous 






Preparation of anhydrous lanthanon acetates by desolvation 639 


Table 2.—Composition of acetate salts 


Lanthanon 

Desolvation temp. (°C)* 

’ Acetate salt 

-- 

Y 

150 

Y(OAc), 

La 

150 

La(OAc), 

Pr 

175 

Uncertainf 

Nd 

175 

Uncertaint 

Sm 

150 

, Sm(OAc), 0 5 H a O 

Eu 

150 

Eu(OAc) s 

Gd 

150 

Gd(OAc), 

Tb 

75 

Tb(OAc),-0 5 H.O 

Tb 

150 

Tb(OAc), 

Dy 

150 

Dy(OAc) a 

Ho 

75 

HofOAc), 0 5 H s O 

Ho 

150 

Ho(OAc), 

Er 

120 

Er(OAc), 

Tm 

120 

Tm(OAc), 

Yb 

75 

Yb(OAc), 

Lu 

75 

Lu(OAc), 


• Constant composition generally reached in 24 hr 
t Decomposed without reaching constant weight 


Eii and Gd acetates could possibly be isostructural. A cursory examination of X-ray 
powder photographs of anhydrous acetates of La, Eu and Gd showed that the patterns 
differed so much from each other that any isostructurahsm seems highly improbable. 

Although the anhydrous acetates of Er, Tm, Yb and Lu can be prepared at tem¬ 
peratures below 150°C, these acetates are stable at 150°C. Thus all of the lanthanons 
which form anhydrous acetates by desolvation can be prepared at 150°C. 

This method complements the method of Seaton el al. m and the method of 
Moeller, Galasyn and Xavier for preparing anhydrous lanthanon acetates. Anhyd¬ 
rous Pm acetate which has not been prepared probably could be obtained by both 
of the above mentioned methods since both Nd and Sm anhydrous acetates can be 
synthesized, (2 3) but it is uncertain whether a hemihydrate or indefinite composition 
would be obtained by the method used in this work 

Measurements with a thermobalance would have given more information than we 
obtained, but our main interest was in a method of preparation. We do not anticipate 
further studies on this problem. 

Acknowledgement —The authors wish to thank F H Ellinger for the X-ray photographs and the 
interpretation. 
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THE VAPOUR-PRESSURE AND TRANSITION POINTS 

OF TcF„* 

!' 

H. Selig and J. G. NIalm > 

Argonne National Laboratory, Argonne, Illinois 

{Received 12 January 1962) 

Abstract— The vapour-pressure and transition points of TcF, have been measured The vapour- 
pressure is represented by the following equations - Solid I (—16 32 to —5 3°) log in p — —(3564 8 IT) 
- 10 787 log I0 T + 41 1252; Solid II (-5 3 to 37-4°) log 10 p = -(2178-0/T) - 2 295 log,, T + 
15 33427; Liquid (37 - 4-51-67°) log 10 /> = -(2404'9/T) - 5 8036 log l0 T+ 24 8087 TcF, under¬ 
goes a solid-solid transition at —4 54° and melts at 37 4°. 

The third transition group elements from tungsten through platinum form a series of 
volatile hexafluorides which are remarkable for the regularity they exhibit in their 
physical properties, such as vapour-pressures and transition points.' 1-8 * 

Until recently molybdenum was the only element known to form a volatile hexa¬ 
fluoride in the second transition group. This has recently been augmented by the 
preparation and identification of additional hexafluorides in this series, those of tech¬ 
netium, (4 > ruthenium, (5 > and rhodium. '** 

A study of the properties of the hexafluorides of this series has been undertaken at 
this laboratory. We report here our measurements of the vapour-pressure and 
transition points of technetium hexafluoride. 

EXPERIMENTAL 

Technetium hexafluoride was prepared by the reaction of pure distilled fluorine gas on Tc metal 
at 400° It was purified by sublimation at reduced pressures as described elsewhere |T > The purity was 
checked by inspection of the infra-red spectrum 18 ' and the intercompanson of numerous samples 
prepared in different batches as well as different cuts from the same batch. A convenient check-point 
for this purpose is the vapour pressure at 0° The absence of extraneous infra-red peaks and the 
constancy of the ice-point from sample to sample attested to the purity of the TcF,. 

Vapour-pressure measurements on 1 g samples were made with a quartz differential Bourdon 
gauge used as a null instrument A description of this apparatus and its mode of operation is given 
elsewhere. 181 The over-all sensitivity of the gauge was ±0-02 mm Hg The thermostated bath was 
regulated to ±0 01° as measured with a copper-constantan thermocouple which had been calibrated 
against a Bureau of Standards platinum resistance thermometer 

The triple point and solid-solid transformation temperature of TcF, were measured by the thermal 
arrest method The procedure was similar to that described elsewhere, 181 except that the glass bulb 
was replaced by an all-nickel welded bulb 

* Based on work performed under the auspices of the U S Atomic Energy Commission. 

111 G H Cady and G. B. Hargreaves, J Chem Soc. 1563 (1961) 
l!l J G Malm and H Selig, J. Inorg Nucl Chem. 20, 189 (1961) 

181 B Weinstock, J G Malm and E E Weaver, J. Amer. Chem. Soc 83, 4310 (1961) 

141 H. Selig, C L Chernick and J. G Malm, J Inorg. Nucl. Chem 19, 377 (1961) 

151 H H. Claassen, H. Selig, J G. Malm, C L. Chernick and B. Weinstock, J Amer. Chem. Soc. 

83, 2390(1961). 

181 C. L Chernick, H H Claassen and B. Weinstock, J Amer Chem Soc 83, 3165 (1961). 

1,1 B Weinstock and J G Malm, J Inorg. Nucl. Chem. 2, 380 (1956). 

181 H H. Claassen, H. Selig and J G Malm, J Chem. Phys. In Press. 

B Weinstock, E. E. Weaver and J G. Malm, J. Inorg Nucl Chem. 11, 104 (1959) 
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RESULTS 

The vapour-pressure data for the two solid and the liquid phases of TcF 9 are given 
in Table 1. Temperatures are given in degrees Kelvin and pressures in mm Hg at 0° 
and standard gravity. The following equations which were derived by the method of 
least squares summarize the results: 


Solid I (—16-32 to -5-3°) 


logio P = 

- - 10-787 logu, T+ 41-1252 

(1) 

Solid II (-5-3 to +37-4°) 

2178-0 


logic P = 

2-295 logi 0 T+ 15-33427 

(2) 

Liquid (+37-4-51-67°) 

2404-9 


logio p = 

5-8036 log 10 T+ 24-8087 

(3) 


Each point was weighted by its observed vapour-pressure, since the reading of the 
pressure was considered to be the major uncertainty in the measurement. 

The calculated solid-solid transition point from simultaneous solution of equations 
(1) and (2) is —4-54° in comparison to the measured value of —5-3°. The calculated 
triple point from the simultaneous solution of equations (2) and (3) is 37-36° compared 
to a measured value of 37-4°. The boiling point of TcF 6 calculated using equation (3) 
is 55-3°. 

Thermodynamic calculations. The heats of sublimation and vaporization of TcF 6 
were derived from the vapour-pressure equations using the Clausius-Clapeyron re¬ 
lation The heat of sublimation at 37-4° is 8555 cal mole -1 and the heat of vapor¬ 
ization at this temperature is 7427 cal mole -1 . The heat of fusion is 1128 cal mole 1 
and the entropy of fusion is 3-63 e.u. The heat of sublimation of solid I at —5-3° is 
10,577 cal mole -1 . The heat of sublimation of solid II is 8750 cal mole -1 at this tem¬ 
perature. The heat of transition calculated from the heats of sublimation at the trans¬ 
ition point is 1827 cal mole -1 and the entropy of transition is 6*82 e.u. The Trouton 
constant for liquid TcF 6 is 22-0 cal mole -1 °C -1 . 

DISCUSSION 

Extensive surveys of the vapour-pressures and transition points of the “5 d" hexa¬ 
fluorides as well as of MoF 6 have been completed recently. <1,3) The volatilities of the 
“5 d” hexafluorides decrease regularly in going across the series while the solid-solid 
transition temperatures and triple points increase in a regular fashion. The present 
work combined with the MoF 6 data as well as some preliminary data for RuF 6 (6) and 
RhF e (8) confirm that a similar regularity exists in the “4 d" series. 

This may possibly be explained qualitatively in the following way. The M-F 
distances from WF 6 to IrF 6 are practically constant.* By analogy the same situation 
probably obtains in the “4 d" senes. However, the cell constants of the solid phases in 
both series decrease regularly in going across the series. (11) It is reasonable therefore 

* Preliminary results by Kim lira et a/.' 101 

< 10 > Kimura, Weinstock and Schomaker, Proceedings of the Second International Conference on the 

Peaceful Use of Atomic Energy, Geneva, 1958, P/942 United Nations (1958). 

,u> D. Northrop and S. Siegel Private communication. » 
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Table 1Vapour-pressuile of TcF, 



Solid I 


• 

Solid II 



i Observed 



Observed 



pressure 

i\>b« -^calo 


pressure 

-pQb* 

T(°K) 

(mm Hg) 

(mm Hg) 

T(°K) 

(mm Hg) 

(mmHg) 

256-83 

17 90 

0-02 

294-59 

188 19 

0-22 

257-95 

19 60 

000 

296-05 

202 6 

0-4 

258-97 

21 24 

-0-05 

297 53 

217-8 

04 

259-74 

22 64 

-0-01 

297-79 

220-3 

0-1 

260 77 

24 62 

0-03 

298-19 

124-2 

-0 3 

261 85 

26-62 

-0 15 

299 22 

236 8 

0-4 

262 03 

27-24 

0-08 

299-96 

244-2 

-0-4 

263-00 

29 39 

0 10 

300-51 

251 8 

06 

263 19 

29 76 

0 03 

301-98 

2701 

0-7 

264-06 

31 76 

-0-03 

302-60 

276 9 

-0-5 

264 19 

32 11 

000 

302 64 

277 8 

-0-1 

265 17 

34 54 

-0-07 

302 71 

278-4 

-0-4 

265 68 

35 94 

-0 03 

302 72 

278 6 

-0-3 

266-24 

37 40 

-012 

303 44 

289-3 

0-8 

266 29 

37 75 

0 08 

304 10 

297 4 

-0-2 

266 69 

38 97 

0 16 

304 19 

298-0 

-0 8 

267 68 

41 73 

-0 06 

304 28 

299 9 

-0 2 




304 96 

3104 

0-7 


Solid 11 


305 90 

323 1 

-0-4 




305-93 

323 3 

-0 6 

268 32 

43 96 

-0 03 

306 92 

340 6 

1-6 

268 71 

44 95 

-0 10 

308 16 

358 9 

02 

269 88 

48 35 

-0 01 

309 16 

374 1 

-1-2 

269 98 

48 62 

-0 03 

310-03 

390 6 

0-4 

272 00 

54 85 

-0 05 




272 20 

55 70 

0 14 




273 15 

58 79 

0 03 


Liquid 


274 08 

62 17 

0 12 




274 54 

63 42 

-0 32 

311 11 



275 12 

65 93 

001 

312 05 

323 5 


275-69 

68 50 

0 37 

313 15 


-0 7 

276 12 

69 79 

-0 05 

mtKMi 

454-6 

-01 

277 31 

75 13 

0 37 


457 4 

0-6 

278 52 

80 50 

0-44 

315 33 

478 1 

-0 8 

279 25 

83 20 

-0 22 

31611 

494 3 

1 3 

280 08 

87 34 

-0-04 

317-17 

511 9 

-0-8 

281 32 

93 45 

-0 15 

318 04 

530 4 

1-1 

282 17 

97 89 

-0 20 

319 19 

550 9 

-10 

284 16 

109 24 

-0 07 

319 19 

551-6 

-0-2 

28612 

121 21 

-0 22 


571 1 

1-3 

286 49 

123 81 

-0 03 

321 20 

591 9 

-1-2 

288 12 

134 75 

-021 

322 19 

614 2 

-0 1 

289 12 

142 13 

-0 07 

322 26 

615 1 

-0 7 

290 10 

149 29 

-0 33 

323 16 

635 8 

0 1 

291-05 

157 05 

-0-07 

323 81 

651 4 

1-2 

293 06 

173-88 

—018 

324 82 

673 2 

-0 3 


that the intermolecular distances decrease, and therefore the Van der Waals forces in 
the crystals increase in going across both series. The observed changes in vapour 
pressures and transition points agree with this view. 

The "4 d" hexafluorides are considerably less volatile than their "Sd" counterparts. 
The reason for this is not understood at present. 
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Finally, it should be pointed out that the vapour-pressure data and infra-red 
spectra of TcF 6 did not show any evidence for the existence of TcF 7 . Discrepancies 
in similar data on the volatile fluorination products of Re metal led to the first identi¬ 
fication of ReF 7 . <12) 

1141 J. G. Malm, H. Seuo and S. Fried, J Amer. Chem. Soc. 82, 1510 (1960). 
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EFFECT OF SULPHUR TRIOXIDE ON THE 
ANATASE-RUTILE TRANSFORMATION* 

W. F. Sullivan and J. R. Coleman >' 

National Lead Company, Titanium Division, Research Department, South Amboy, N.J. 

( Received 25 September 1961) 

Abstract —Hydrous titanium dioxide prepared from titanium sulphate solution contains adsorbed 
sulphur trioxide which has been reported to inhibit the transformation of anatase to rutile at elevated 
temperatures. Samples of hydrous titanium dioxide were prepared containing sulphur-35 as a tracer 
for sulphur trioxide The kinetics of sulphur trioxide release on heating and the concentration of 
sulphur tnoxide at levels down to 0 003 per cent were determined by a radiochemical technique. 
Sulphur tnoxide was found to be distributed on the titanium dioxide at two positions and to be 
leleased from each position according to first order kinetics. The temperature distribution between 
positions was found to follow a modified exponential function Transformation of anatase to rutile 
was studied by X-ray diffraction, and, following an induction time, was also found to follow first 
order kinetics Comparison of the kinetics of sulphur trioxide release and the kinetics of the trans¬ 
formation showed no correlation, nor was any correlation found between the concentration of sulphur 
tnoxide and the concentration of rutile 

Early work on the transformation of anatase to rutile was mostly performed with 
natural crystals of anatase and was culminated m 1928 by Schroder’s 111 value of 915°C 
for the transition temperature. Recent work' 2-5 ' has, however, been largely con¬ 
cerned with synthetic anatases prepared by hydrolysis, particularly the hydrolysis of 
titanium sulphate solution These anatases are characterized by their very small 
crystal size and the large amounts of bound water and sulphur trioxide which they 
contain Further, it has been noted that they transform to rutile at temperatures which 
vary widely and which are generally lower than that reported by Schroder. 

As a generality it has been suggested by Parravano and Caglioti* 6 ’ 71 and Schoss- 
berger ,B) that sulphur tnoxide is a stabilizer for anatase. Since small amounts of 
sulphur tnoxide were found to persist in anatase samples in the neighbourhood of the 
transformation, it was assumed that sulphur tnoxide occupies certain stabilizing sites 
in the anatase lattice and that the degree of stabilization increases with the number of 
sites occupied. Removal of sulphur tnoxide by heating allows rutile to form. 

Attempts* 8 9101 to correlate the sulphur tnoxide content with the ease of trans¬ 
formation of anatase to rutile have not been successful, presumably because the amount 

* Paper presented at the XVIllth International Congress of Pure and Applied Chemistry, Montreal, 
Canada, August 6-12, 1961 and submitted for publication in the Journal of Inorganic and Nuclear 
Chemistry 

111 A SchrOder, Z Krist 67, 485 (1928). 

121 W. F Sullivan and S S Cole, J. Amer Cer Soc 42, 127 (1959). 

,31 CNR. Rao, A Turner and J M, Honig, J. Phys Chem Solids 11, 173 (1959). 

111 W Knoll and U Kuhnhold, Naturwissenschafts 44, 394 (1957) 

151 A. W. Czanderna, C N. Ramachandra Rao and J. M Honig, Trans Faraday Soc 54, 1069 
(1958) 

,SI N Parravano and V Caglioti, Gazz 64, 703 (1934) 

1,1 N. Parravano and V Caglioti, Gazz. 64, 429 (1934). 

181 F Schossberger, Z Krist 104, 358 (1942) 

1,1 A. V. Pamfilov and J. G Ivanchova, J. Gen. Chem. USSR, 10, 736 (1940) 

1101 T Kubo, K Shinriki and M Koto, J. Chem Soc Japan, Industr. Chem Sect. 56,149 (1953). 
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of sulphur trioxide present in stabilizing sites was below the amount determinable by 
the standard gravimetric method of analysis. With the availability of radio-sulphur, a 
tracer method for determining small amounts of sulphur trioxide in titanium dioxide 
appeared feasible, and provided the basis for a detailed study of the effect of sulphur 
trioxide on the transformation. 

Hydrous titanium dioxide containing radio-sulphur 

A Pure titanium sulphate solution. Titanyl sulphate dihydrate crystals (TiOSO* 2H,0) were the 
starting point in this investigation. Commercial titanyl sulphate* was dissolved in water, the solution 
filtered and crystallized three times from boiling 45 % H,S0 4 solution, following the procedure 
developed by Hixson and Plechner 1 * 11 and Hixson and Fredrickson. 1181 Analysis of the acetone- 
washed crystals is given in Table 1 and agrees closely with the theoretical The crystals were dissolved 
in water, the solution adjusted in acidity with H,S0 4 to a weight ratio of total H,S0 4 to TiO, of 2 00 
and the solution concentrated at 35°C under vacuum, using a diy-ice trap, to yield a final, dear 
solution analysing 260 g/1 TiO a and 520 g/1. H 8 S0 4 

Table 1.—Analysis of titanyl sulphate dihydrate crystals 
Chemical analysis 


Batch Number 

TiO a (%) 

H,S0 4 (%) 

1 

39 8) 

49 71 

2 

40 6 , 

50 9 „ „ 

3 

40 1 401 

49 8( 502 

4 

39 1) 

50 2) 

Theoretical for 



TiOS 0 4 2H s O 

40 8 

50 0 


Spectrographic analysis 


SlO,(%) 

Fe,0.(%) 

Al,O s (%) 

Sb s O,(%) 

SnO,( %) 

Mg(%) 

Nb(%) 


0 10 

0 008 

0 003 

<0 001 

<0 001 

0 0007 

0 01 


Cu(%) 

Pb(%) 

Mn(%) 

W(%) 

V(%) 

Cr(%) 

Na t O( %) 

CaO( %) 

<0 0003 

0 003 

0 00008 

<0005 

<0 001 

<0 001 

<0 01 

0 004 


Radio-sulphur (S-35), as received from Oak Ridge National Laboratory, was converted to radio¬ 
active H,S0 4 by adding a small amount of non-radioactive H,S0 4 and distilling out the HC1 A 
volume of 3-0 ml was added per litre of titanium sulphate solution, so that the specific activity of the 
final solution was 7-5 x 10 8 mc/ml The mixture was stirred for 48 hr at 25°C to allow exchange 
equilibrium to be reached Tests indicated that exchange equilibrium was rapid An isotope effect, 
due to the difference in mass of the sulphur isotopes, was expected to be negligible. 

B Hydrolysis of titanium sulphate solution The hydrolysis procedure was similar to one developed 
originally by Blumenfeld and various modifications have been described a *. l4) In this study 2500 ml 
of the above titanium sulphate solution at 25°C was added at a rate of 57 0 ml/mm through a nozzle to 
250 ml of boiling water The mixture was stirred vigorously during solution addition and the mixture 
temperature allowed to fall at a rate of 2 0"C/min until it reached 80 C. The mixture was held at 80 C 
for 30 min and then heated to the boiling point (108“C) at a rate of 0 6°C/min After boiling for 10 
min a sufficient volume of water was added rapidly to decrease the TiO s concentration to 200 g/1 
The mixture temperature was allowed to fall to 95°C over an 8 min interval. Hydrolysis was continued 
at 95 C for 1480 imn. 

* Available from Titanium Pigment Corporation, 111 Broadway, New York, N Y. 

ln> A. W. Hixson and W. W Plechner, lndustr Engng. Chem 25, 262 (1933) 

,UI A. W Hixson and R E. C. Fredrickson, lndustr. Engng. Chem. 37, 678 (1945). 

Cmelins Handhtfch der Anorganischen Chemie, System No 41, Titan, 8th Ed , Verlag Chemie 
G.m.b.H., Weinheim/Bergstrasse Germany (1951) 

IU ’ R. E. Kirk and D, F. OthmEr, Encyclopedia of Chemical Technology, Vol 14, Titanium Compounds, 
p 213. Interscience, New York (1955). 
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Fig 1 —Hydrolysis of titanium sulphate solution. 


Samples of hydrolysis liquor were removed at the times indicated in Fig 1, quenched in ice-water, 
filtered and TiO, concentrations of the filtrates determined. The filter cakes were washed with water 
until the filtrates gave no test for sulphate ion Approximately 50 g of TiO, were removed with each 
of eleven samples of hydrolysis liquor For convenience the hydrous titanium dioxide samples were 
labeled No 1 through 11 respectively 

This method of preparing hydrous titanium dioxide is a convenient one, since a wide range in 
physical properties may be encompassed by performing only a single hydrolysis Extensive X-ray and 
electron diffraction analyses, as well as other methods of analysis,'” have shown that hydrous oxides 
of this type consist of flocculates of small anatase crystals having large amounts of adsorbed water and 
sulphur trioxide The approximate chemical analysis of the filter cakes was TiO„ 35; H t O, 62; 
S0 3 , 3% 


Radiochemical technique for determining sulphur trioxide 

A “ Infinite Thickness" of titanium dioxide. Since sulphur-35 is a /^-emitter with a maximum 
energy of 0 167 MeV, self absorption occurs A technique 11 '’ was therefore developed in which 
“infinite thicknesses” of titanium dioxide were counted. All radioassay work was performed with 
standard scalers and a 1 9 mg/cm ! end-window Geiger-Muller tube To insure good counting statistics 
a minimum of 10,000 counts was recorded in all cases The activity, defined as the number of counts 
per minute, was determined by dividing the total number of counts, after subtraction of background, 
by the counting time in minutes Corrections were made for radioactive decay (half-life 87 1 days), 
coincidence losses and counting system variations according to the usual procedures. 11 ” 

After heating samples of hydrous titanium dioxide to 300°C or higher to remove substantially all 
water, the titanium dioxide samples were ground in a small Alundum mortar and a known weight 
added to a planchet one inch in diameter A volume of l’O ml of 0 5 per cent potassium phosphate 
solution was added, the titanium dioxide dispersed by swirling and the slurry centrifuged for 2 min at 
3600 rev/min The planchet with sample was then baked for 2 hr under infra-red lamps to evaporate 
the water and leave a smooth coating of titanium dioxide on the bottom of the planchet. 

Fig. 2 shows several “infinite thickness” curves obtained for Sample No. 1 Similar curves were 
obtained for other samples and show that 80 mg is a sufficient sample weight to insure “infinite 
thickness”. Based on these data a sample weight of 100 mg was selected for radioassay purposes. 


u ” R. E. Lapp and H. T. Andrews, Nuclear Radiation Physics. Prentice-Hall, New York (1948). 
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B. Sulphur activity and weight per cent sulphur trioxide It may be expected that direct propor¬ 
tionality exists between sulphur activity and weight per cent sulphur trioxide, so that 


c = KA 


where c = concentration of sulphur trioxide in weight per cent, 
A ^activity in counts per minute, and 
K ^ a proportionality constant, 



(1) 
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may be Written. Fig. 3 is a log-log plot of experimental data obtained by calcining randomly selected 
samples over a temperature range of 300-850°C, determining sulphur activities by the previously 
described technique and sulphur trioxide analyses by a standard gravimetric procedure. 11 * 1 From the 
straight line, K was calculated to be 3 00 x 10~*. Since reasonable counting precision can be obtained 
at rates as low as 10 counts/min, the concentration of sulphur tnoxide was determined to the 0-003 per 
cent level It is obvious that lower levels could be determined by increasing the specific activity of the 
titanium sulphate solution. The lower limit of the gravimetric procedure is about 0 1 per cent. 

Kinetics of sulphur trioxide release 

A. Experimental data. Hydrous titanium dioxide samples containing approxi¬ 
mately 1 g of titanium dioxide were heated in air for times up to 24 hr at temperatures 
ranging from 300-900°C. To minimize temperature gradients the calcinations were 
performed in a small, firebrick chamber located at the centre of an electric muffle. 
Chromel-alumel thermocouples in conjunction with a Whellco Controller were used 
to control and record temperatures which were held to within less than ±15°C of the 
designated values. Frequent temperature checks were made with a second thermo¬ 
couple and potentiometer, and thermocouples were changed weekly to prevent false 
readings due to chemical attack by sulphur trioxide. 

The weight per cent sulphur tnoxide was determined in duplicate for all samples by 
the radiochemical technique previously described. Results for four of the eleven 
samples are presented in Figs 4, 5, 6 and 7, the remaining samples exhibiting a similar 
behaviour. The circles, triangles, etc. represent the experimental points, whereas the 
solid line curves were calculated on the basis of a first order kinetic theory. 

B. Theory of sulphur trioxide removal. A theory leading to satisfactory agreement 
with experimental results may be developed on the basis of the following assumptions. 

(1) Sulphur trioxide is distributed on the titanium dioxide at two positions, where 
a position is defined as a collection of sites in which almost all molecules have approxi¬ 
mately the same energy. 

(2) The loosely bound position (I) contains molecules in second, third and higher 
adsorbed layers and may contain capillary-condensed sulphur trioxide. 

(3) The tightly bound position (II) contains molecules in the first layer. Since 
substantially all water is removed from hydrous titanium dioxide at 300°C, only ad¬ 
sorbed sulphur tnoxide is considered present on the surface. 

(4) On heating at temperatures above 300°C sulphur trioxide is released from 
position I according to first order kinetics, and from position II at a rate dependent 
upon the fraction d of the surface covered. 

(5) The temperature distribution among sites is established at times very short 
compared to times necessary for appreciable evaporation to occur, and follows a modi¬ 
fied Boltzmann exponential function. 

(6) The reaction rate constants have a temperature dependence given by the 
Arrhenius equation. 

At constant temperature we may therefore write 

dc 

~ -j = ki c i + ^ii c n (2) 

where c t , c u = concentration of sulphur trioxide at I, II, 
k j, kn = reaction rate constants, and t = time. 

ll<!) M Codell, Analytical Chemistry of Titanium Metals and Compounds Interscience, New York 
(1959). 












TIME (HOURS) T ’* c (HOURS) 

,. , v , Fic. 7.— Sulphur trioxide release from sample No. 11. 

Fig 6 .—Sulphur tnoxtde release from sample No 10. r " 
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The Arrhenius equations may be written as 

k l = B 1 exp (-AHx/RT) (3) 

k u = B u exp (- AHu/RT ) ( 4 ) 

where B u jB n = frequency factor associated with I, II, 

AH V AH n = activation energy associated with I, II, and 
T = absolute temperature. 

In general B n and A H n depend on the fraction of the surface covered, (17 ’ 18> so that 
dc 

— -* = + B n c n exp (—AHn/RTJ (5) 


cannot be integrated unless the functional relation is known or assumed. 

Inspection of the experimental data of Figs 4, 5,6 and 7 shows that at temperatures 
up to 800°C, B u and A H u may be taken as independent of concentration, so that 
Equation (5) may be integrated to give the simplified expression 

c = CjV* 1 ' + fuVn* ( 6 j 

where c°, c n ° — concentrations of sulphur trioxide at I, II at zero time. 

The constants c,° and c n ° may be obtained directly from the experimental data by 
a method similar to the one employed in analysing a composite, radioactive decay 
curve <15) The frequency factors and activation energies giving satisfactory agreement 
with experimental data at temperatures of 300 through 800°C are 

5, = 3-20 X 10 3 hr- 1 AHj =- 14-2 kcal mole- 1 

B n = 1-65 hr- 1 AH n = 6-9 kcal mole- 1 

Table 2 contains numerical values to be used in conjunction with Equation (6) in draw¬ 
ing the curves of Figs 4, 5, 6 and 7 

C. Effect of temperature on distribution. The Boltzmann exponential function 

Nt° N n ° 

jr = -~exp(-EJRT) ( 7 ) 

v i y n 


where Nf, N u ° = number of sulphur trioxide molecules at 1, II at 
zero time, 

V\, Vu — the “free volume” available at I, II and 

E b = the potential energy difference per mole of sulphur 
trioxide between I and II, 

may be written, following the methods described by Eucken ( 19) , as 


Nf 

y, 


Ni 


TI 


(A n - N n ° o)X 


exp (-EJRT) 


( 8 ) 


At I it is assumed that an infinite volume is available for the molecules, whereas at 11 
the volume occupied by the molecules is subtracted from the total volume. A u is the 

11,1 A W Adam?on, Physical Chemistry of Surfaces, Interscience, New York (I960) 
l,9) C H Pitt and M E Wadsworth, Report, AECU-3759 (1958) 

A. Eucken, “Grundriss der Physikalischert Chemie,” Akademische Verlagagesellschaft m.b.H 
(1934). 
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surface area, a the cross-sectional area of the sulphur trioxide molecule and X the 
thickness of the first layer. By dividing both sides of Equation (8) by the mass m of 
titanium dioxide and introducing the ratio 


a 


( 9 ) 


we may write 


N* > = 


N n °lm V l 


Nyiim A„X 
S 


exp( -EJRT) 


( 10 ) 


If a distribution coefficient D is defined as 


then 


D = 


Nilm t 
Nn°lm\ 


Nnjni'j 


l0gZ) 2-303 RT +X ° % A n X 


(ID 

( 12 ) 


Table 3 contains numerical data necessary to evaluate Equation (12). For each 
sample of titanium dioxide a value of S has been arbitrarily selected which insures 
optimum agreement with Equation (12). Table 3 shows that only the data at 500 and 
600°C are significantly changed by this “free volume” correction. The results are re¬ 
presented graphically in Fig. 8 which shows that, over the temperature range of 500- 
800°C, good straight lines are obtained as required by Equation (12). The change in 
slope at 850 and 950°C is presumably due to an increase m the energy term with de¬ 
creased surface coverage. 

Values of S, used in calculating D, as well as surface areas, are contained in Table 
4 The surface areas of titanium dioxide were calculated from Equation (9) on the 
basis of 17A 2 for the cross-sectional area of the sulphur trioxide molecule, a value 
calculated m the usual way from the density of sulphur trioxide. (20) The surface areas 
are in good agreement with values obtained by observations with the electron micro¬ 
scope and with values previously reported 1 ^ for crystallite size measured by X-ray 
diffraction line broadening. Thus anatase with a diameter of 60A is equivalent to a 
surface area of 260 m 2 g -1 . 

D Surface coverage. Although sufficient data are not available to map out the 
log k n , 0-space, it is apparent that at values of 0 less than 0-01, log k n decreases 
markedly. Tlus indicates that at low surface coverages the activation energy AH n 
increases and the frequency factor B u probably decreases. On the reasonable assump¬ 
tion that, at short times, V T /A n X is independent of temperature, it is also possible to 
estimate the behavior of E p with surface coverage. The data, averaged over four 
titanium dioxide samples, are given in Table 5. Values of 0 were calculated from 


_ V/. 

5 


(13) 


and hence do not depend on an assumed cross-sectional area of the sulphur trioxide 
molecule. The data show that about one site in a hundred on the titamium dioxide 
surface is characterized by high binding energy of sulphur trioxide. Since the heat of 
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Fig 8 .—Effect of temperature on distribution coefficient. 


Table 4 —Surface areas of titanium dioxide 


Sample no. 

S 

Anlm (m 8 g-‘) 

1 

1 76 x 10" 

300 

3 

T18 x 10" 

200 

10 

4 71 x 10 s0 

80 

11 

3 53 x 10 so 

60 


Table 5 —Surface coverage of titanium dioxide 


Temp. 

CO 

6 

log kn 

A/fn 

(kcal mole -1 ) 

Bn (hr 1 ) 

E, 

(kcal mole-') 

500 

5 35 x 10 1 

2 2071 

6-9 

1-65 

17 2 

600 

2 11 x 10- 1 

2 4885 

6-9 

1-65 

172 

700 

3 91 x 10-* 

26580 

69 

1-65 

172 

750 

„ 1-57 x 10-' 

2 7032 

6-9 

1 65 

17 2 

800 

5-41 x 10-‘ 

2-8096 

69 

1-65 

26-4 

850 

9 73 x 10*‘ 

3-8881 

>6-9 

<1-65 

34-2 

900 

6 22 x 10-* 

3 8881 

>6-9 

<1 65 

342 
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sublimation of sulphur trioxide varies between 11*9 and 16-3 kcal mole -1 ,' 10 * die ad- 
sorption may be classified as chemisorption. 

Anatase-rutile transformation 

Time-temperature curves for the transformation of anatase to rutile are shown in 
Figs. 9,10,11 and 12. The standard X-ray diffraction method' 21 * of analysing powder 
mixtures was used for determining the amounts of f each phase. Precision was deter¬ 
mined to be ±3*0 per cent for 95 per cent confidence limits. As previously found' 1 * 
the kinetics obey the first order equation 

c a = 04) 

where c a = concentration of anatase in weight per cent at time t, 

c a ° — concentration of anatase in weight per cent at zero time, and 
X — the reaction rate constant, 

following an induction time which is presumably due to a nucleation process. Acti¬ 
vation energies A H t and frequency factory B t also obey the Arrhenius equation. The 
kinetic data are summarized in Table 6 and the Arrhenius parameters in Table 7. The 
variations in activation energies and frequency factors and comparison with pre¬ 
viously published values' 2 51 emphasize the dominant effect of the method of prepar¬ 
ation on the transformation. 

Relationship between sulphur trioxide and the transformation 

A. Anatase and sulphur trioxide concentrations. To test the hypothesis' 8-10 * that 
anatase is stabilized by the presence of sulphur trioxide at certain sites, the concen¬ 
tration of anatase was compared with the concentration of sulphur trioxide at corre¬ 
sponding times. The data were taken directly from Figs. 4 through 7 and Figs. 9 
through 12. Examination of these results, presented in Fig. 13, show that the concen¬ 
tration of anatase is a multivalued function of the sulphur trioxide concentration. 



Fio. 9 —Transformation of sample No 1 

1101 R. E Kirk and D F. Othmer, Encyclopedia of Chemical Technology, Vol. 13, Sulphur Trioxide, 
P 501 Interscience. New York (1955) 

1,11 H. P. Kluo and L E. Alexander, X-ray Diffraction Procedures for Poly crystalline and Amorphous 
Materials. 3. Wiley, New York (1954). 
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Fig. 10 —Transformation of sample No. 3. 



Fig. 11 —Transformation of sample No 10 


, I |k 
i, tii 



Fig. 12.— Transformation of sample No 11 


! 
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Table 6.—Kinetic data for the transformation or anatase to rotile 



Fig 13.—Anatase and sulphur trioxide concentrations. 


Thus mixtures of anatase and rutile, or the single phases, may be prepared having a 
wide range of sulphur trioxide concentrations. For a given sample the sulphur trioxide 
concentration at the start of the transformationalso varies widely, depending on the time 
and temperature of calcination. Further, Sample No. 11 which requires the highest 
temperature for transformation to rutile has the lowest concentration of sulphur 
tnoxide. These results show that there is no obvious correlation between the anatase 
and sulphur trioxide contents. 
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B. Activation energies andfrequency factors. The kinetic data for sulphur trioxide 
release and for the transformation may also be compared. Values taken from Tables 
2 and 6 were used to make the Arrhenius-type plot m Fig. 14. Inspection shows that 
there is no obvious relationship between the rate constants, nor between the activation 
energies and frequency factors. 

The low values of k u at 850 and 900°C have been previously ascribed to the pres¬ 
ence of a small fraction of sites on the titanium dioxide surface having high binding 
energy. It has not been possible to relate these sites with anatase stabilizing sites 
Thus, the transformation to rutile begins at a surface coverage of about 8 = 2 x 10 2 
where there is no noticeable effect on the activation energy or frequency factor (Table 
5). The increase in A H n at very low coverages does not appear sufficient to reach 
values above 40 kcal mole -1 , such as are characteristic of the transformation. 

Conclusion 

It has not been possible to confirm the hypothesis that anatase is stabilized by the 
presence of sulphur trioxide at certain lattice sites. Further, there is no evidence down 
to a level of 0-003 per cent for the validity of the assumption <8) that a small amount of 
sulphur trioxide is present within the anatase lattice, but rather the experimental data 
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♦ 

are satisfied by the reasonable assumption of chemisorbed sulphur trioxide with a 
small fraction of the surface sites being highly active. 

It seems probable that the transformation depends basically on such factors as 
crystallite size, the defect structure of the anatase lattice and solid state nucleation. 
The data of Tables 4 and 6 show, as expected, that anatases with high surface area arc 
easier to transform to rutile than those with low areas. The concentration and kinetics 
of sulphur trioxide release also appear to depend basically on structural differences 
and are therefore not the primary factors associated with the transformation. Stabi¬ 
lizing anions appear to be important only in the transition between solution and solid 
phases, and not in the transition between the two solid phases. 
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A SPECTROPHOTOMETRIC STUDY OF THE 
DIMERIZATION OF PENTAVALENT MOLYBDENUM 
IN HYDROCHLORIC ACID 

i 

G. P. Haight, Jr. 

Chemistry Department, Swarthmore College, Swarthmore, Pennsylvania 

( Received 5 March 1961; in revised form 12 December 1961) 

Abstract —The hydrolysis of MoOCl s s * in 5-6 M hydrochloric acid is shown to involve dimerization 
with the production of hydrogen ions and chlonde ions according to the equation 
MoOCU'- + H,0 ^ [MoOC1 4 ],0‘- + 2H + + 2C1-. 

This equilibrium has been studied by observing the absorbance of solutions at 450 m/i where the 
molar extinction changes from 12 6 for MoOCl s ! ~ to 2200 for the dimer at this wavelength. The 
absorption curve for the dimer is characterized by enhanced absorbance over the whole visible Tegion 
with the same wave lengths of maximum absorption as obtained for monomer. 

Futher hydrolysis in more dilute acid involves no futher polymerization; however, the absorp¬ 
tion bands in the visible region virtually disappear in dilute acid (1 0-3 0 M). 

The dimer formed in 5 0-6 0 M hydrochloric acid appears to have characteristics similar to other 
dimeric complex ions containing oxygen or hydroxide bridges 

The addition of water to green Mo(V) solutions in concentrated hydrochloric acid 
produces enhanced colour (U,3) and reduced paramagnetism. 141 Such behaviour is 
often characteristic of the formation of oxygen bridges between paramagnetic 
ions. <s - 8 > 7) Observation that the enhancement of the absorbance at the 450 m/z band 
maximum was proportional to the square of the Mo(V) concentration in 6 M hydro¬ 
chloric acid led the author to use this enhancement to study the dimerization hydrolysis 
of MoOC 1 8 2 “. (The spectrum of Mo(V) in 9-12 M hydrochloric acid is virtually 
identical with the reflectance spectrum K<jMoOCl s . (8) ) 

EXPERIMENTAL 

Mo(V) soluUons were prepared by reduction with mercury of sodium molybdate dissolved in 
1 0 molar hydrochloric acid Solutions had to be stored over mercury and under nitrogen to prevent 
air oxidation. A Beckman model D U spectrophotometer was used for all measurements. Cell 
spacers which reduced the light path to 1 mm were employed for solutions of high absorbancy. The 
cell compartment was thermostated at 25°C except during studies of temperature dependence of 
equilibria 

Solutions of 0 1 molar Mo(V) (measured as if Mo(V) were monomeric) were diluted with previously 
standardized hydrochloric acid solutions. Equilibrium was established m the time required to make 
measurements. 

OBSERVATIONS 

The effect of changing concentration of hydrochloric acid on the spectrum is 
illustrated in Fig. 1. As 12 molar acid is diluted the visible spectrum is enhanced 
without shifting wave lengths of maxima and minima in the absorbance curve. As 

C F Hiskey and V W Meloche, /. Amer. Chem Soc. 62 , 1819 (1940), 63, 964 (1941). 

H. K. El-Shamy and A. M. El-Aggan, J . Amer. Chem. Soc. 75, 1187 (1953). 

131 C KuxbOll-Joroensen, Acta Chem. Scand. 11 , 73 (1957) 

" L. Sacconi and R On, / Amer Chem Soc 76,4239(1954). 

J D Dunitz and L. E Orgel, /. Chem. Soc. 2594 (1953). 

W K Wilmarth, H Groff and S T. Gusttn, / Amer Chem. Soc. 78, 2683 (1956). 

1,1 L N. Mulay and P, W. Selwood, / Amer. Chem Soc 77, 2693 (1955). 

181 H Gray. Private communication (1961) 
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the acid is diluted below 5-0 molar, the visible peaks disappear. Changes in the 
ultraviolet spectrum also occur, but the high absorbance made it necessary to study 
solutions containing concentrations of Mo(V) so low that dimerization in the range 
5-0-6-0 molar acid was not significant. Fig. 2 shows the change of absorbance with 



Fig. 1 —Absorption spectra of Mo(V) in various concentrations of hydrochloric acid 
t is the molar extinction coefficient for Mo(V) taken as monomer [Mo(V)l = 

0 005 M for measurements between 350 m/i and 900 m/i [Mo(V)J = 10-‘ M for 
measurements from 220 m/i to 350 m/i The numbers adjacent to the curves indicate 
the molarity of the hydrochloric acid 

hydrochloric acid concentration at the wavelengths of maximum absorbance, together 
with the change in paramagnetism observed by Sacconi and Cjni. ,4) The different 
patterns of change all occurring in the region of 5-0-6-0 molar acid is striking. The 
spectrum changes due to changing concentration of hydrochloric acid can be effected 
by changing either hydrogen ion or chloride ion concentrations independently. In 
6-0 molar hydrochloric acid the enhancement of the 450 m/i peak was observed to be 
directly proportional to the square of the Mo(V) concentration. This led to a postulate 
of a monomer-dimer equilibrium on the high acid side of the curves with peaks in 
Fig. 2. On the low acid side of the peaks, Beer’s law is obeyed, indicating that the 
extent of polymerization is not changed further. 

THEORY 

In order to obtain information about the dimer giving the enhanced visible 
spectrum it has been assumed that equilibrium between monomer and all dimeric 
forms exists oh. the high acid side of enhancement curves, as follows: 

•Kj K, K, 

2 M ^ Dj ^ D 2 ^ etc. 
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when M is monomer and Dj, D s , etc. are various dimeric species, and the XTs are 
equilibrium constants. 

If [D] is the concentration of all dimeric forms, a dissociation constant K — 
|M]*/[D] should exist for any given concentration of hydrogen and chloride ions. It 
should now be possible to test the absorption spectrum for the existence of such 

equilibria. 



Fig 2 —Effects of changing concentrations of hydrochloric acid on absorbance of 
Mo(V) solutions at 450 m/i (/4); at 730 m/i (B)\ and at 310 m/i (C); and on the para¬ 
magnetic susceptibility (D). Concentrations of Mo(V) are 0 005 molar in curves A and 
B and light path 1 0 cm In curve C, Mo(V) was 0 004 molar and the light path 1 0 mm. 
Curve D, taken from Reference 4, was determined by measurements on 0 426 molar 

Mo(V) solution. 


Definitions of terms 

A D = observed absorbance due to the dimer(s). 

€ d = molar absorbance of the dimer(s). 

C = total Mo(V) concentration, measured as monomer. 
[M] = concentration of Mo(V) monomer. 

[D] = concentration of Mo(V) dimer(s). 

K = dissociation constant of dimer(s). 
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K — fM]*/[D] C = [M] + 2[D] A D = [D]«d (1) 

\ C ~ 2 M' 

(C — 2[D]) a L € D J (c D C - 2A D ) i (2) 

[D] Ajy/€j) 

«jjC — 2 Ad = \/ A B e B K 
e D _ _ V4 D < D jf 

2 C ~ 2C K ) 

A plot of A 0 IC\s.x/(A b )/C should give a straight line of slope —\/(€ D A")/2 
and intercepts of « D /2 and \Z(( B /K). 

RESULTS 

The absorbance due to dimer (A) had to be obtained by successive approxima¬ 
tions from the data in Table 1. The molar absorbance of monomer obtained in 9 0 


Table 1.—Deviations from Beer’s law at 450 mu in solutions of Mo(V) 


(Mo(V)) 

(m/1) 

Absorbance 

Absorbance if MoOCl t a ~ 
were only species 

Medium 

0 0010 

0 070 

0012 

5 M HC1 

0 0028 

0 385 

0035 


0 0040 

0 785 

0 050 


00055 

1 297 

0 068 


00100 

3 03 

0124 


00400 

25 80 

0 496 


0 00642 

0 450 

0 080 

6MHCI 

0 0107 

0 975 

0133 


00214 

3 12 

0266 


00263 

4 48 

0 326 


0 00137 

0 392 

0 017 

0 5 M HC1 

0 00274 

1 121 

0 034 

+ 

0 00411 

1 980 

0 051 

5 5 M HC10 4 

0 00549 

2 870 

0 068 


0 00823 

5 010 

0 102 



to 12-0 molar acid is 124 at 450 m fi, while that of the dimer will be shown to be over 
2000. As a first approximation A n was found by subtracting 12 4 C from the observed 
absorbance. Once e D had been estimated, K could also be estimated, A T) could be 
improved by successive approximations of the term to be subtracted, only one further 
approximation ever being necessary. Tests of Equation (3) are shown by the plots in 
Fig. 3. Extrapolation of the results in 6-0 molar acid is not feasible, but two separate 
plots in different media give good straight lines with a common intercept representing 
e D /2. This common intercept could be obtained only if there were a single dimeric 
species in equilibrium with monomer. It was thus possible to anchor the lines for the 
results in 6-0 molar acid on this intercept and evaluate equilibrium constants Given 
this value of e D = 2200 (or 1100 per Mo atom m absorbing species) equilibrium 
constants could be obtained from the absorbance of Mo(V) solutions wherever 
enhancement was observed. Using the constants one can construct an absorption 
curve in the visible region for the dimer causing the enhancement. Results of these 
studies are found in Tables 2, 3 and 4. The calculated absorption curve for the dimer 
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Fio 3.—A plot of the variables in Equation (3) at different concentrations of hydrogen 

and chloride ions. 

O 5 00 molar hydrochloric acid, abscissa full scale Left. 

6 00 molar hydrochloric acid, abscissa one-tenth scale. Right, 
x 5 05 molar hydrochloric acid, abscissa full scale. Left. 

6 15 molar hydrochloric acid, abscissa one-tenth scale. Right. 

£ 5-5 molar perchloric acid, 0 5 molar hydrochloric acid. 

Abscissa full scale. 

Absorbance measured at 450 rryi. 


Table 2 — Effect of (H + ) on monomer-dimer equilibrium 
CONSTANTS (25°Q 
Ion Strength = 6-0 
[Mo(V)J = 0'005 M as monomer 


A 

■^D 

K 

(m/1) 

11 

[LiCl] 

(m/D 

[A]/[H + ]« x 10* 

0 268 

0 208 

0 241 

60 

0 

67 

0 304 

0 245 

0 207 

5-0 

1 0 

8 3 

0 402 

0 344 

0 142 

4 5 

1-5 

70 

0 548 

0-490 

0-093 

4-0 

20 

5-8 

0 702 

0 647 

0-066 

3 5 

25 

54 

0810 

0-756 

0 055 

30 

30 

6 1 

1000 

0 950 

0 0397 

2-5 

3 5 

6-3 

1-441 

1 396 

0 0217 

2-0 

40 

5-4 
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Table 3.— Effect of (O') on monomer-dimer equilibrium constants (25°Q 

Ion Strength = 6-0 
[Mo(V)] = 0 005 M as monomer. 


A 

Ad 

K 

(m/1.) 

[HC1] 

(m/1) 

[HCIOJ 

(m/1) 

[*]/[Cl']* x 10* 

0 268 

0 208 

0 241 

6-0 

0-0 


0257 

0-197 

0-24 

5-0 

1-0 


0-256 

0-196 

0-24 

40 

20 

15* 

0 288 

0 226 

0-23 

30 

3-0 

25* 

0-372 

0 314 

0-157 

2-0 

4-0 

39 

0-885 

0 830 

0-048 

1-0 

5-0 

48 

1 470 

1 435 

0-0216 

0-7 

53 

44 

2-110 

2-072 

0 0107 

0 55 

5-45 

37 

2110 

2 072 

0-0107 

040 

56 

70t 


* Activity effects cause deviations 

t More than one dimer present k/[CM a calculated as if dimer giving 
the enhancement and monomer were the only species. 


Table 4.—Variation of dimer-monomer dissociation constants with 

THE MOLAL ACTIVITY OF HYDROCHLORIC ACID 


K 


(m/1.) 

Molarity HC1 

Molality HCI 

OHCl 

K/a* 

0 0243 

500 

560 

164 

3 4 X 10 7 

0 035 

5 05 

5 67 

17 1 

42 X 10- 7 

0 243 

600 

6 80 

28 9 

3 5 X 10“ 7 

0 265 

600 

6 80 

28 9 

3-7 X 10~ 7 

0-394 

6 15 

7 02 

31 6 

4 0 X 10' 7 


is given in Fig. 4. The dimer spectrum indicates a general breakdown of the structure 
of the spectrum during the enhancement. Maxima are still at the same wave lengths 
but are much less clearly defined. The general absorbance in the visible is reflected 
in the fact that if one adds water to green Mo(V) in concentrated hydrochloric acid 
or hydrogen chloride to brown Mo(V) in dilute acid the solution at first becomes 
opaque—dark brown or black—before changing finally to the high or low acid form. 
The opacity is undoubtedly due to the intermediate formation of the dimer under 
discussion. 

Effect of hydrogen and chloride ions on dimer dissociation. Because lithium ion 
fits into water structure so well it is feasible to substitute LiCI for HC1 even at an ion 
normality of 6-0. Dissociation constants for the dimer show a clear cut dependence 
on the square of the hydrogen ion concentration indicating two hydrogen ions are 
consumed when the dimer dissociates. The effect of chloride ion is not so easily 
determined. Substitution of perchloric acid for hydrochloric acid at ion strength 6 0 
introduces activity effects which are difficult to assess quantitatively. Almost no 
change in the spectrum is observed in changing from 6*0 molar hydrochloric acid to 
3-0 molar hydrochloric and 3-0 molar perchloric acids. The activity of perchloric acid 
is considerably higher than that of hydrochloric acid in 6-0 molar concentration (9> 
The iflftraase in activity of hydrogen ions and chloride ions caused by the added 
perchloric Se^apparently compensates for the decrease in chloride ion concentration 

,a> R. A* Spbmjon and R. H. Stokes, Electrolyte Solutions, Appendix 8, 10, Table 9 p. 476. 

BnwHmths, London (1955). 
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A rough dependence of the dissociation constant on the square of the chloride ion 
LJ ncentration over the rising portion of the curve (Table 3) plus the dependence of 
the constant on the fourth power of the molal activity of hydrochloric acid (Table 4) 
leads to the conclusion that the chemical equation for the dissociation of the dimer is: 

Mo(V)—O—Mo(V) + 2H+ + 2Cl~ — 2Mo(V)Cl + H*0 (4) 

Two hydroxide groups might be used instead of the single oxygen bridgy. 



Wave length 4, m/i 

Fig 4 —Calculated absorption spectrum for the dimer giving enhanced absorbance in 
the visible region Dotted portion indicates great uncertainty because calculations are 
based on differences which are comparable with the uncertainty of measurements. 
Upper curve is Mo(V) dimer. Lower curve is MoOCl t l - monomer 

Table 5—Effect of temperature on the 

DISSOCIATION CONSTANT OF Mo(V) DIMER 

5 0 M HC1 
0 00372 M Mo(V) 


Temperature 

(”Q 

A 

K X 10 s 
(m/1) 

14 0 

1 048 

1 72 

15 5 

1 026 

1 78 

195 

0 942 

2 07 

20 5 

0 923 

2 14 

23 2 

0 868 

2 38 

24 5 

0 848 

2 47 

25 0 

O'842 

2 50 

22 5 

0 875 

2 36 

16 6 

0 939 

1 93 

176 

0 962 

1 98 

20 7 

0 910 

2 18 

222 

0882 

2'33 

23 3 

0 862 

2 41 

20 5 

0 935 

210 


AH = 6-0 ± 0-2 kcal 
AS = 12 ± 2e.u 


Temperature dependence of dimer dissociation. Table 5 shows the effect of tempera¬ 
ture on the monomer-dimer equilibrium. The reaction is endothermic with A/fj^g 
= 6-0 ± 02 kcal per mole of dimer and A5 2B8 = 12 ± 2 entropy umts. 
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Further hydrolysis of dimer. Dilution of 5 molar hydrochloric acid causes a sharp 
decrease in the enhancement of the 450 mp peak and a shift of the peak to shorter 
wavelengths. The same behaviour is noted on the peak at 310 mp over the entire 
acid concentration range. This represents the gradual substitution of water, hydroxyl 
ion, and/or oxide ion for chloride. The equilibria are many and overlap one another 
so that no effort has been made to sort them out. The strict adherence to Beer’s law 
for the dilute solutions of Mo(V) (10~ 3 to 10 -4 molar) employed in observations at 
310 m/4 over the entire concentration range of acid suggests that dimerization may 
not occur appreciably in such dilute solutions, or if it does, dimers and monomers 
have identical ultraviolet absorption spectra. 


DISCUSSION 

Species of Mo(V). It seems certain that the species in concentrated acid is the 
MoOCl 6 a- ion. Wardlaw has prepared green salts of this ion the appearance of 
which is very similar to the green solutions. If the dimer enhancing the spectrum of 
this ion is produced with the production of two chloride and two hydrogen ions as in 
the reverse of Equation (4) we have the choice of introducing one oxo- or two hydroxo- 
bridges between the Mo(V) atoms after removing one chloride from each. The choice 
of most likely structure for the dimer must be 


Cl 


Cl 


O 


O 


Cl—Mo—O—Mo—Cl 



/ 

Cl 

Cl 


Two hydroxo-bndges would raise the co-ordination number to seven which is unlikely 
It is suggested that the oxygen bridge is substituted for one of the four equatorial 
chloride ions in MoOC! 6 2 to destroy the symmetry without severely changing the 
crystal field. This would change the band associated with the d orbital in the plane of 
the chloride to an allowed band without changing the energy of the transition. It is 
also known that m oxy-anions such as VO z+ very weak binding occurs trans to the 
metal oxygen bond, thus the trans position is the least likely point for a bridging 
oxygen to bind. 

Effect of dimerization on paramagnetism. The fact that oxygen bridge formation 
in other systems is accompanied by decrease in paramagnetism 15,6,7) makes it tempting 
to correlate this work with the magnetic study of Sacconi and Cini. 4 However their 
work employed 0-5 M Mo(V) which had large and indeterminate effects on the 
concentrations of [H + ] and [Cl - ]. One cannot say if the dimer causing enhanced 
absorbance m the visible is paramagnetic or diamagnetic by comparing their data 
with that presented here. Electron paramagnetic resonance measurement at Columbia 
University have recently shown that the monomer, MoOCl 5 2- , is not the only para¬ 
magnetic species (8) Other paramagnetic species are present in maximum concentra¬ 
tion where the dimer under discussion is also present in maximum concentration 
strongly indicating that [OC1 4 Mo—O—M oCl 4 0 4- ] is paramagnetic. It is evident 
that the hydrolysis and aquation of MoOClg 2- involves the production of a com¬ 
plicated sequence of dimers, the first of which is involved in this study. Undoubtedly 

iiw- 
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some of the compounds prepared by James and Wardlaw H0) from dilute hydrochloric 
aud contained dimeric Mo(V) anions. For instance James and Wardlaw showed the 
compound Mo(OH) 3 Cl 2 py first prepared by Sand and Burger (U) to be a pyridinium 
salt. A dimer structure such as 


(H + py) 2 


Cl H Cl 


O 


\ 


HO 


O 

/ \ 

Mo Mo 

\ / 

O 

Cl H Cl 


OH 

/' 


2 - 


would be required to preserve co-ordination number six. 
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POLAROGRAPHY OF HEXAVALENT MOLYBDENUM 
IN HYDROCHLORIC ACID* 

G. P. Haight, jR.f 

Inorganic Chemistry Laboratory, Oxford; the Chemistry Department <Sf 
the University of Kansas 1 

(. Received 5 March 1961; m revised form 12 December 1961) 

Abstract—Solutions containing hydrochloric acid in concentrations less than 1 0 molar and molybdate 
ions in concentrations less than 10~ 4 molar give polarograms containing one or three waves. The 
single wave observed in 0 5-0 7 M hydrochloric acid and the middle wave of the three observed in 
more dilute acid have reversible two electron characteristics The half-wave potential of this wave is 
given by the equation: 

E k = -0 080 4 O'12 log (H + ) + 0-035 log (Cl~) 
corresponding to the electrochemical equation: 

Mo(VI) + 4H + + Cl- + 2e — Mo(IV) 

Evidence that the chemically unstable Mo(IV) is the primary reduction product is discussed. 

This study was undertaken in an effort to explain the complete lack of correspondence 
between waves observed when molybdate at concentrations less than 10 -4 molar is 
polarographed in hydrochloric acid and waves reported by Carritt' 1 * for solutions 
containing molybdate m concentrations greater than 10 ® molar in the same acid. 
Polarograms of 10 -4 molar molybdate solutions can be obtained only when the hydro¬ 
chloric acid concentration is kept below 1-0 molar. At high acid concentrations the 
reduction potential for molybdate becomes more positive than the potential for the 
anodic dissolution of mercury. In the more concentrated solutions studies by Carr- 
!TT a) , waves are shifted to more negative potentials and multiple waves, maxima, and 
discontinuities very much complicate the observations. 

EXPERIMENTAL 

Polarograms were made in a conventional manner using a Tinsley Recording Polarograph at 
Oxford University and a Sargent Model XXI Polarograph at the University of Kansas Reagent 
grade chemicals were used without further purification An H-cell was employed with one arm 
containing a saturated calomel electrode for reference For accurate measurement of half-wave 
potentials an external potentiometer was used and readings obtained manually Temperature of the 
cell was regulated at 30 and 25°C 

OBSERVATIONS AND RESULTS 

Polarograms of 8-75 X 10 -5 molar Mo(VI)m O' 1 and 0-3 molar solutions of hydro¬ 
chloric acid are shown in Fig 1 The single wave observed in 0-3 molar (and more 
concentrated) acid has reversible two-electron characteristics. An ill-defined early 
wave and a later wave both appear in the more dilute acid, the later wave correspond¬ 
ing to a wave observed when Mo(V) is polarographed in dilute hydrochloric acid. (2) 
Since no wave for Mo(V) is observed in 0-3 molar hydrochloric acid following the 
wave for Mo(VI), it is suggested that the product of reduction of Mo(VI) must be a 

* From a paper presented before the Division of Physical and Inorganic Chemistry at the 131st 
Meeting of the American Chemical Society, Miami, Flonda, 1957. 

t Present address. Department of Chemistry, Swarthmore College, Swarthmore, Pennsylvania. 
,l ’ D Carritt, Ph.D. Thesis, Harvard University (1947). 

111 C. E. Worsham. Unpublished results. 
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Fig. 1 —Polarograms of 8 75 x 10~ s molar Mo(VI) in 0 3 molar HC1 (upper curve) 
and in 0 1 molar HC1 (lower curve). The lower curve has been lowered on the 
diagram to prevent interference mlrl is 2 30 mgtseci. T — 30 C. 



Fig 2.—Polarogram of 8 75 x 10 -5 molar Mo(VI) in 0 3 molar HC1 (solid dots) 

Upper plateau continues until hydrogen ion is reduced. Slope of E vs. log </(/„ — i) 
plot is 0 030 (open circles) T — 30 C. 

lower oxidation state, presumably Mo(IV) in light of the two-electron character of 
the wave. Figure 2 shows the conventional log //(id — i) vs. E plot for this wave with 
a slope of 0 030. 

This slope of 0-030 for the log //(id — /) vs. E plot is necessary but insufficient 
evidence for a*two electron reduction. The number of electrons taking part in the 

•*> Kolthofp and Lingane, Polarography , 2nd Ed , Interscience, New York (1952). 
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Table L-— Characteristics of the single wavs for Mo(VI) in HC1 
(Mo(VI)) = 10 -4 molar*, 


' 

it 

D 

(HO) 

« 

(Mo(VI)mi/t 

(cm*/sec) 

mole/1. 


25 °C 30°C 

25°C 

0-3 

-0161 

t 

d 

0-5 

-0127 

413 443 

10x 10-‘ 

0-7 

-0104 




♦ Diffusion currents for a given (Mo(VI)) concentration were the same within experimental error 
in all solutions showing only one wave for Mo(VI). D is given assuming a two electron reduction. 



Fig 3 — Effect of changing concentrations of hydrogen ton and chloride ion on 
half-wave potential. 

x Log [H + ] vs. £j in 0 7 M -(HC1) + (NaCl)- 

O Log [H + ] vs £ t in 0 5 M -(HC1) + (NaCl)- 

• Log [H+] vs. in 0 3 M -(HC1) + (NaCI)- 

A Log activity of HQ vs £). 

reduction is also a factor in the Ilkovic equation' 31 for the different current. To 
measure n the diffusion coefficient of the reducible species must be known. The 
results of Jander et al. w when corrected to 25°C suggests a diffusion coefficient, D, 
of 10 x 10 - * cm a /sec for mononuclear molybdate and 5 X 10~ 9 cm 2 /sec for poly¬ 
nuclear (presumably heptamenc' 5 ' 9 ') species. The higher of the two diffusion coeffi¬ 
cients is consistent with a two-electron reduction, the lower is consistent with a three- 
electron reduction. Since polymerized molybdate gives stepwise polarographic waves 

141 G Jander, K. F. Jahr and W Heuckeshoven, Z Anorg Chem. 194, 383 (1930). 

111 G. Schwarzenbach and J Meier, J Inorg. Nucl Chem 8, 302 (1958). 

"" Y. Sasaki, L. G. Sillen and I. Lindquist, J. Inorg Nuct Chem. 9, 93 (1959). 




676 


G. P. Haight, Jr. 


in other media with diffusion coefficients of about 5 x 10~* cm 2 /sec, it will be assumed 
that the single wave here observed is due to a monomeric species undergoing reversible 
two-electron reduction. Furthermore Carritt (1) has found evidence for Mo(IV) as a 
product of constant potential electrolyses of molybdate solutions considerably more 
concentrated than those employed in this study. The characteristics of the reversible 
two-electron wave for the reduction of Mo(VI) in hydrochloric acid are summarized 
in Table 1. 

Effect of changing hydrochloric acid concentration on the half wave potential of the 
reversible wave. Fig. 3 shows the effect of variation of hydrogen ion and chloride ion 
concentrations on the half-wave potential. At three different values of ion strength a 
plot of log [H+] vs. E i gives straight lines with slope of 0-12 indicating that four 
hydrogen ions per molybdate ion participate m the reduction. It proved impossible to 
study chloride ion dependence at constant ion strength since all other common anions 
affect the polarographic behaviour of molybdate. For instance, perchlorate and 
nitrate are catalytically reduced, and sulphate completely alters the nature of the 
polarograms observed. The dotted line in Fig. 3 shows the effect of changing hydro¬ 
chloric acid activity on the half-wave potential. From the slope of this line and the 
dependence on hydrogen ion, the following equation for the reduction of molybdate 
is deduced. 

E h = -0 080 + 0 12 log [H+] + 0-035 log [Cl~] volts vs. S.C.E. 

This equation corresponds approximately to the electrochemical reaction 
Mo(VI) + 4H+ + Cl" + 2e -* Mo(IV) 

Presumably one more chloride is attached to Mo(IV) than to Mo(VI) and either two 
oxygens or four hydroxide ions attached to Mo(VI) are converted to water. 

DISCUSSION 

The nature of Mo(VI) in dilute hydrochloric acid. The work of Jander, et al (4) 
indicates that polymolybdates depolymerize at acidities greater than 0-1 molar hydro¬ 
gen ion. Kinetic studies by Schwarzenbach and Meier <5) indicate that monomeric 
molybdate is diprotonated at acidities greater than millimolar [H+]. They suggest 
Mo(OH)„ as the probable form of mononuclear molybdic acid and have evaluated 
K x K t for diprotonation of Mo0 4 2_ . Sillen et al. w have studied the polymerization of 
molybdate from monomer to heptamer. Using the value of K l K i of Schwarzenbach 
and Meier (5) and the polymerization equilibrium constants of Sillen et al. w it is 
found that the equilbinum 

18H 2 0 + H 2 Mo 7 O m 4 - + 4H+5± 7H 6 Mo0 6 

lies far to the right for lO -4 M Mo(VI) in 0-5 M hydrochloric acid. It must be pointed 
out that Schwarzenbach and Meier’s data do not describe equilibrium conditions, 
but they do give information concerning equilibria between monomeric Mo(Vl) 
species. The calculation does not take into account possible higher polymers suggested 
by the tjata of Sillen, Lindquist and Sasaki for acidities greater than millimolar [H 4 ] 
It does teem likely that the formation of new species with different polarographic 
characteristics at Mo(VI) concentrations greater than millimolar' 1 ’ is brought about 

If this m- 


bw&olymerization of monomeric Mo(VI) as its concentration increases. 
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terpretation is correct the equation for the reversible two-electron polarographic wave 
becomes: 

Mo{OH) 6 + 4H+ + Cl- -f 2e — Mo(OH) 2 (OH 2 ) 3 Cl + + H t O 

(A spectrophotometric study by Neumann and Cook ( 17) on chloro molybdate species 
merely indicates that less than two chloride ions are bound to each molybdate ion in 
0 5 molar hydrochloric acid). i 

Evidence for Mo(IV) as the primary reduction product. Since Mo(IV) is incapable 
of direct identification, supporting evidence for its formation is required, and other 
possible explanations for the reversible two-electron wave must be considered. The 
possibility that a'dimer of Mo(VI) is reversibly reduced to a dimer of Mo(V) is ruled 
out by the absence of a Mo(V) wave and by the failure of Sasaki et al. m to find 
intermediate polymers between monomer and heptamer during acidification of 
solutions of Mo0 4 2 -. 

Haight and Sager 181 have offered evidence that Mo(IV) is the catalytic species 
responsible for the molybdate catalysed reduction of perchlorate. This catalysis is 
observed in conjunction with the reversible two-electron wave’® 1 indicating that Mo(IV) 
must be produced during the reduction of Mo(Vl) in the polarograms now in question. 

In conclusion it is interesting that the known pentavalent state of molybdenum is 
apparently bypassed in this electrochemical process. If one assumes that electrons are 
transferred one at a time the implication follows that monomeric Mo(V) is much more 
susceptible of reduction than the dimeric form normally found in dilute hydrochloric 
acid. This is confirmed in the recent observation that monomeric Mo(V) which is 
formed in hydrochloric acid of concentration greater than 8 molar 1101 is reduced by 
stannous chloride, whereas the dimeric form present in dilute acid is not. 1111 

Acknowledgement— The author wishes to acknowledge with thanks the encouragement of Dr. M. 
N. H Irving and financial assistance from the Rhodes Trust and the Office of Ordnance Research, 
U S Army. 
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Abstract—Kojic acid forms a stable chelate with Fe(III) ion at 1:1 molar ratio in weakly acidic 
media In the absence of enough ligand, Fe(III)-kojate chelates tend to hydrolyse to an appreciable 
extent as a pH value of the solution goes up At 1 ■ 1 molar ratio of ligand to metal ion four hydrolysed 
species; Fe(OH)A, Fe(OH) 2 A, {Fe(OH)A} s and (Fe(OH)jA},, are formed. In comparison with 
the 1 ’ 1 chelate, hydrolytic tendency of the 2 -1 chelate decreases, and FcfOHJAj and {Fe(OH)A,}i 
are the only hydrolysed products Furthermore, in the case where more than three moles of ligand 
per mole of metal ion are present, such hydrolysis reactions do not proceed to a significant extent 
and stable chelate species formed are FeA 2 and FeA, All the measurements were earned out at 
/ = 25° and fi — 0 10 M, and the corresponding equilibrium and stability constants were estimated. 

In the previous work/ 11 kojic acid as one of (5-diketones was found to form the metal 
chelates with Mg(II) and Mn(II) ions whose stabilities were nearly equal to the 
corresponding metal chelates of (5-diketones of the same acidity m aqueous media as 
far as available data are concerned. 

It has been known that Fe(III) chelates exhibit great tendency toward hydrolytic 
polymerization m aqueous media 18 * when some of the co-ordinating sites of Fe(III) 
are not occupied with donor atoms of great chelating ability. In order to provide a 
comparison in hydrolytic tendencies between those chelates previously reported and 
the kojate chelates, potentiometnc measurements were earned out at different molar 
ratios of ligand to metal ion. On the other hand, kojic acid has been used as a metal 
indicator 131 for the chelatometric titration of Fe(IIl) ion because of its profound 
coloration with the metal ion in weakly acidic media. However, studies on the 
Fe(III)-kojate system have not been conducted so far to obtain stability constants of 
such chelates. Thus, it is the purpose of the present work to clarify the interaction 
between Fe(III) ion and kojic acid and pursue the hydrolytic tendencies of partially 
chelated Fe(III) ion in aqueous media. 

* Contribution No. 20 from the Department of Organic Synthesis, Faculty of Engineering, 
Kyushu University. 

t Presented in part at the 14th Annual Meeting of the Chemical Society of Japan held in Tokyo, 
April, 1961 

Y Murakami, Bull. Chem. Soc. Japan 35, 52 (1962). 

121 (a) C F. Richard, R L Gustafson and A E Martell, J Amer Chem Soc. 81,1033 (1959); 
(b) R. L. Gustafson and A. E. Martell, Annual Progress Report from the Department of 
Chemistry, Clark University, U S A E C AT(30-1) 1823, p 21 (1960) 

81 L. Sommer and Z. Kolarik, Chem. Listy 50, 1323 (1956); Coll. Czech. Chem. Comm. 21, 1645 
(1956). 
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EXPERIMENTAL 

Reagents. Kojic acid was purchased from the Tokyo Kasei Kogyo Co., Ltd. and was purified by 
sublimation in vacua, m.p. 156—156-6°; reported 154—156 0<4) ; 154 0 '* 1 . This purified material was 
used to prepare an aqueous stock solution which was standardized by potentiometric titration with 
standard base. 

Reagent grade Fe(NO|), 9H,0 was purchased from the Wako Pure Chemical Industries, Ltd and 
used to prepare stock solutions which were standardized by chelatometnc titration'* 1 with Vanamin 
blue B (N-(p-methoxyphenyl>/>-pheny]enediamine) as a metal indicator. 

Potentiometric measurements. An HRL Mode] P pH meter of the Horiba Instruments Inc., Kyoto 
equipped with extention glass and calomel electrodes was used to measure hydrogen ion concentration 
directly. Calibration of the pH meter was performed by the aid of acetic acid buffer as well as standard 
HC1 and NaOH. Measurements were carried out at 25 0 ± 0 1° m a jacketed titration cell fitted 
with a magnetic stirrer, nitrogen inlet and outlet tubes, microburet delivery tube and electrodes All 
the titrating solutions whose ionic strength was maintained at approximately 0 10 M with KN0 3 , 
were kept under a nitrogen atmosphere throughout titrations. 

Spectrophotometric measurements. The method of continuous variations'” was applied to the 
determination of the formula of the chelate formed m the lower pH region Total concentration, 
T k + 7m, (where T k and T M represent total concentrations of kojate and metal species, respectively) 
was maintained constant at 1 28 x 10~* M and the mole fraction of kojate, T k j{T k + 7m), varied 
from 0 00 to 1 -00 Samples were allowed to equilibrate for five days and optical density measurements 
were performed with a Hitachi EPS-2 type recording spectrophotometer. Hydrogen ion concentration 
and ionic strength of sample solutions were adjusted at 0 1097 N with HNO,. The increase in optical 
density caused by chelate formation was determined at several wavelengths in accordance with the 
equation: 

6D ~ l D — l • (e,Tm 4- e,T k ) (1) 

where e t = extinction coefficient of Fe(III) 
e, — extinction coefficient of kojic acid. 

D — optical density measured 
/ = length of light path 

The stability constant of a 1 1 Fe(IIl)-kojate chelate which formed in the low pH region was 
estimated spectrophotometrically with the same recording spectrophotometer pH value of the 
solution was adjusted at appropriate value with HNO, and also the ionic strength was maintained 
at approximately 0 10 M in nitrate concentration. Temperature range of the sample solutions lay 
between 14 0° and 16 0° The amount of the red chelate formed in such low pH region where any 
other side reaction may be reasonably neglected, was estimated. 


MATHEMATICAL TREATMENT 

In the iron(III) chelate systems which contain equimolar concentrations of ligand 
and metal ion, five species may be considered to exist- a normal aquo chelate, FeA 2+ , 
a monohydroxo species, Fe(OH)A 4 ; a dihydroxo species, Fe(OH) 2 A; a monohydroxo 
dimer, {Fe(OH)A} 2 2+ ; and a dihydroxo dimer, {Fe(OH) 2 A} 2 . The solution equilibria 
may be expressed in terms of the equations. 


HA ^ H' + A“ 


, _ [H~][A"1 
° [HA] 


Fe 3+ + HA FeA 2+ + H+ 


[FeA 2 +][H+] 

[Fe 8+ ][HA] 


( 2 ) 

(3) 


FeA 8+ + H a O ^ Fe(OH)A+ + H+ 


^M(OH)A — 


[Fe(OH)A+][H+] 

[FeA 2+ ] 


(4) 


< 4 > B. E Bryant and W C Ferneljus, J. Amer. Chem. Soc. 76, 5351 (1954). 

F. Challenger, T Klein and T. K Walker, J. Chem. Soc. 1498 (1929) 

K. Ueno, ChelMometric titration (in Japanese) p 259 Nankodo, Tokyo (1960). 

,71 (a) P. Job, Ann. Chem. 11, 97 (1936), (b) W. C. Vosburgh and G. R. Cooper, J. Amer Chem. 
Soc. 63, 437 (1941) 
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2FeA a+ + 2H b O # {Fe(OH)A} t 2 +-f- 2H+ 

F eA* + + 2HjO ^ FetfJHJjA + 2H+ * m( o H)i a = 
2FeA a+ + 4HgO ^ {Fe(OH) 2 A} 2 + 4H+ ^{M<Oq),A), — 


[Fe(OH)A,*+][H+]* 

[FeA*+] 

[FeA a +] 

[{Fe(OH) 2 A} ! ,][H+]* 

[FeA a +] a 


(5) 


( 6 ) 


(7) 


The amount and distributing ratio of the various chelate species formed under varying 
conditions of pH and total concentrations of Fe(IIl) and kojate may be calculated 
from the above equilibrium relationships which are to be discussed in the forthcoming 
paragraphs. 

Since chelate forming reaction whose equilibrium is expressed by equation (3) was 
completed before hydrolytic reactions proceeded to an appreciable extent, stoicheio- 
metric relationships corresponding to those equilibrium relations shown above may 
be represented as follows: 

T a = T m = [FeA 2+ ] + [Fe(OH)A+] + [Fe(OH) 2 A] 

+ 2[{Fe(OH)A} 2 2+ ] + 2[{Fe(OH) 2 A} 2 ] (8) 
[H+] ■+- r OH = [FeA 2+ ] + 2[Fe(OH)A + ] 

4- 3[Fe(OH) 2 A] + 4[{Fe(OH)A} 2 2 +] + 6[{Fe(OH) 2 A} 2 ] (9) 

It is quite reasonable to assume that the reactions yielding dihydroxo, Fe(OH) 2 A, 
and dimeric dihydroxo species, {Fe(OH) 2 A} 2 proceed through those yielding mono- 
hydroxo, Fe(OH)A, and dimeric monohydroxo species, {Fe(OH)A} 2 . Thus, contribu¬ 
tion of equations (6) and (7) is not significant and may be neglected in the pH region 
of adequately low values. Combination of equilibrium relations (4), (5) and stoicheio- 
nietnc relationships (8) and (9) results in the following equations: 

[FeA 2+ ] - (2 - m) J M - [H+] (10) 

[H+] + (m — 1)T M [FeA a+ ] 

[FeA 2+ ]/[H + ] ~ A ‘ m<OH|A + 2 /c <m<oh)A), U*) 


where m represents moles of base added per mole of total metal species present in 
solution. Therefore, if hydrolysis reactions represented by equations (4) and (5) occur, 
a straight line is to be obtained when [H 4 ] + (m — l)T M /{[FeA 2+ ]/[H + ]} is plotted 
against [FeA 2+ ]/[H + ], the slope of which is equal to 2A {M(0H)A , and the intercept at 
[FeA 2 +]/[H+] = 0 is equal to * M(on)A . 

When the pH value of the solution climbs up higher, further hydrolysis reactions 
which yield dihydroxo species come into play and equilibrium relationships (6) and 
(7) should be taken into consideration. A m(OH)A and A' (M(OH)A , ji being obtained in 
accordance with equation 11 in the preceding pH region, K m(0H)jA and ^miohi.aj, 
may be evaluated by the combination of equilibrium relations (4)-(7) and equations 
18) and (9) which gives the relationships shown below: 


[FeA a +] = 


—b + V(^ 2 + 4ac) 
2a 


( 12 ) 
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Where 


and 


2 K ( m qhia), . t 2 + ^ M(0H)A 

[h + i* * + m 


C = (3 — m)r M — [H+] 


where 


^ [FeA 2+ ] 

^ — ^M(OH),A + 2A(M(OH),A} t 


R « 5S - [H + ] 2 - ^m<oh,a[H + ] - 2A' {M(0 H)A} 1 [FeA 2+ ] 


(13) 


[FeA 2+ ] 


Equation (13) means that R may be plotted as a linear function of [FeA 2+ ]/[H+] 2 and 
the slope is equal to 2A' (M(0H ),a), while the intercept at [FeA 2+ ]/[H + ] 2 = 0 is equal to 

■^M<OH),A* 

In the presence of enough ligand co-ordinating tendency of metal species seems to 
be much greater than hydrolytic tendencies. Thus, all the hydrolytic reactions 
mentioned above for the 1:1 chelate system may be neglected in the presence of more 
than three moles of ligand per mole of metal ion when a proper range of pH value is 
selected. In this instance following two reactions may proceed simultaneously. 


FeA 2 + + HA ^ FeAs+ + H+ 


[FcA,+][H-] 

[FeA 2 +][HA] 


FeA 2 + + HA ^ FeA 3 + H+ 


[FeA 3 ][H + ] 

[FeAjj + ][HA] 


(14) 

(15) 


In a similar manner described in the preceding paper a> following equations may be 
derived from equations (14) and (15) as well as the corresponding stoicheiometnc 
relations which make the evaluation of K t and possible. 

[HA] = r A - {r 0H 4- [H+]> (16) 


where 


1 , y'k' {2F ~ 1)[ha] 

(F — 1)[HA]/[H + ] 2 2 3 (F—1)[H+] 


F — 


_ Jjt _ 

T a - T u - [HA] 


(17) 


Equation (17) indicates the linear relationship between 


1 

(F- 1) [HA]/[H+] 


and 


(2 F- 1) [HA] 
(F- 1) [H + ] 


and 


k:, K' K' 


values may be estimated from the intercept at 

(2 F- 1) [HA] 
(F- 1) [H + ] 


and the slope of the straight line, respectively. Equilibrium constants; K x ', K 2 ' and 
K z ' ; may be converted into the corresponding stability constants; K r , K 2 and K s ; as 
follows: v 


*1 = Xi'IK d ; = K 2 '!K d ; k 3 = K 3 'IK d . 
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RESULTS AND DISCUSSION 

1.1 Chelate. Dark reddish colour observed when both iron(IH) and kojic acid 
solutions were mixed at arbitrary molar ratio in the lower pH region indicates the 
formation of stable Fe(III)-kojate chelate species. The colour was found to be most 
deep in the pH range between 2*0 and 3*0 and diminished slightly as a pH value 
deviated from this range. The method of continuous variations was employed to 
determine the composition of the Fe(III)-kojate Relate formed in sueh a low pH 
region. To avoid any appreciable hydrolysis reaction of metal ion and metal chelate 



Fig. 1. — Method of continuous variations applied to the Fe(UI)-kojate system at a 
hydrogen ion concentration of 0-1097 N in HNO,. T u + T k = 1 28 x 10~* M. 
Numbers refer to wavelengths measured in m/i. 

species, a pH value of the sample solution was maintained at 0*960. Maximum 
increase in optical density in accordance with equation (1) was observed for solutions 
containing equivalent amounts of ligand and metal ion at all wavelengths studied as 
shown in Fig. 1, indicating the presence of a 1:1 chelate. 

Analysis of the titration data shown in Fig. 2 for 1:1 ratio of ligand to metal ion 
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Table 1 — Equilibrium constants for the interaction of Fe(]II) ion with various uqands 


Ligand log 1 

lOg K; 

, log K, 

pAM(0H(A 

P^{M(OH)A), 

P*m<oh) e a 

. ptffMCOHJjA), 

Ref 

Kojic acid 10 . 20d 
8-Quinolinol- 

8 78 

7-53 

3 16 

3-92 

7 40 

9 92 


5-sulphonate a 11 6 

11 2 

— 

3 06 

— 

700 

_ 

2a 

NTA» — 

— 

— 

4 08 

— 

11 85 

_ 

8 

NTA C — 

— 

— 

50 

60 

_ 

__ 

2b 

EDTA» — 

— 

— 

7'52 

__ 

16 96 


9 

EDTA C - 

— 

— 

7 58 

12 21 



2b 

CDTA C — 

— 

— 

9 32 

17 62 

_ 

_ 

2b 

HEDTA e — 

— 

— 

411 

5'84 

12 80 

— 

2b 

it =O10M; t — 

25°. 







=01 M; t =20° 







lcl m = 1 0; t = 25° 








<d ’ accuracy, ±0 13; 

t = 

14 ~ 16' 

C. 





Dissociation constant 

(*d) 

of kojic 

acid determined in the present work 

P*D 7 68 



over a eight fold concentration range demands that the 1:1 chelate is already com¬ 
pletely formed even at a tn value of as low as —2'7. The correct value of molar 
extinction coefficient of the 1:1 chelate is needed to evaluate its stability constant. 
Visible absorption spectra of the solutions containing equimolar amount of ligand 
and metal ion do not change their shapes and their absorption maximum at 500 m// 
in the pH range up to at least those corresponding to a m value of —2-7. This 
phenomenon can be said with assurance in the concentration range below those shown 
in Fig. 2. In addition to this fact, the absorption maximum is shifted toward lower 

G. Schwarzenbach and J. Heller, Helv Chrn. Acta 34, 1889 (1951). 

1,1 G. Schwarzenbach and J. Heller, Helv. Chim.ActaM, 576(1951) 
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vavelength at m — 0 possibly due to hydrolysis of the chelate. Thus the extinction 
coefficient of the 1:1 chelate is established from the spectrum of the solution which 
contains equimolar amount of ligand and metal ion and whose m value is —2*7. The 
estimated K x value is shown in Table 1. 

A family of titration curves provide information about the hydrolytic behaviour 
of the 1:1 Fe(II!)-kojate chelate. Titrating solutions reached their equilibria 
immediately below m = 1*0 while it took some time to reach them above m = 1-0 
and dark reddish precipitates tended to appear beyond inflection region around 
m = 3-0. Under the assumption that reactions (4) and (5) took place in the region 

* I 2 
o 


0.8 


0.4 


0 


Fig 3 —Graphical evaluation of the equilibrium constants for hydrolysis reactions 
of the 1,1 Fe(III)-kojate chelate forming monohydroxo species at 25° in accordance 
with equation(ll). Total concentration of metal species, o. 4-42 x 10“ M; 

», 2 21 x 10“ a M; C, 110 X 10“’ M, •, 5 53 X 10~‘ M. 

between m = 0 and 1*0, equation (11) was employed and data were plotted as shown 
m Fig. 3. In spite of scattering of the data for the lower concentrations, satisfactory 
hydrolysis constants K M((m)A and A (M(0H)A)t may be obtained from the straight line. 
This result indicates that reactions yielding monohydroxo and binuclear monohydroxo 
chelate species are taking place predominantly in this region. The distinctive inflection 
region around m = 3-0 suggests that not only monohydroxo-forming reactions but 
also dihydroxo-forming reactions occur in the region lying before the inflection region. 
Thus, the assumption was made that all the four hydrolysis reactions represented by 
equilibrium relationships (4), (5), (6) and (7) were proceeding simultaneously beyond 
m values of 1*0 and titration data corresponding to m values between 1*0 and 2-2 
were taken for the evaluation of equilibrium constants. Equation (13) was employed 
for this purpose and reasonably good linear relationship (Fig. 4) approves the above 
assumption. The evaluated equilibrium constants are summarized in Table 1. 

Fe(III) chelates with bidentate ligands such as kojic acid and 8-quinolinol-5- 
sulphonate show approximately the same magnitude of hydrolytic tendencies between 
them, which are greater than those of the chelates with polydentate ligand such as 
NTA(nitrilotriacetic acid), EDTA(ethylenediaminetetraacetic acid), CDTA(trans-l,2- 
diaminocyclohexanetetraacetic acid), and HEDTA(N-hydroxyethylethylenediaminetri- 
acetic acid). This is quite a self-evident matter according to the following reasons: 

7 




O 0.2 0.4 0.6 0.8 1.0 1.2 

[FeA 2 *]/[H 4 ] 




Y. Murakami 



m 



, i 



(1) Hydroxide ioa replaces aquo group easily while donor groups of s'r 0Dg 
affinity with metal ion in a polydentate ligand may not be replaced so easily e\ e n m 
the relatively high pH range. 



[FeA 2 *]/[Hl 2 x I O' 5 


Fig. 4—Graphical evaluation of the equilibrium constants for hydrolysis reactions 
of the 1.1 Fe(lII)-kojate chelate forming dihydroxo species at 25° in accordance with 
equation (13) Total concentration of metal species: O. 4 42 x 10~* M; 3, 2 21 
x 10~’ M; c, 1 10 x 10-»M; 5 53 x 10~‘. M 

(2) A ligand part of a metal chelate interfere with the approaching hydroxide ion 
Thus, when a metal ion is well enclosed with a polydentate ligand molecule, significant 
steric hindrance seems to occur against coming hydroxide ion due to exposed ligand 
part. 

(3) Acidic property of a central metal ion decreases as number of the co-ordination 
sites with negatively charged donor groups increases. 

Stepwise hydrolysis reactions of the 1:1 Fe(III)-kojate chelate are shown in Chart 1 


0H 2 





oh 2 h ?h 2 


0H z h 0H 

\\ I °‘ 
ho h h 2 o 

Chart 1 —Stepwise hydrolysis reactions of the 1:1 Fe(III)-kojate chelate. 
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^0 H h 2 o 


2:1 Chelate. A titration curve for 2:1 molar ratio of ligand to metal ion is shown 
in Fig. 5. A steep inflection at m = 3-0 suggests that the chelate forming reactions 
and hydrolysis reactions shown in Chart 2 are occurring in the preceding buffer region 





-toglH+1 



m 


Fig 5 —Potentiometnc titration of Fe(III)-kojate chelate system at total kojate 
concentration of 2-21 x 10 ‘ M, with these molar ratios of ligand to metal ion: A, 
1 1 ; B, 2 1; C, 3 1; D, 4 1; m *= moles of base added per gramme-ion of metal 
present; ft = 010 M(KNO„); t = 25°. 


Fig 6 —Graphical evaluation of 
the formation constants for the 
1' 2 and 1 • 3 Fe(III)-kojate chel¬ 
ates in connection with equation 
(17) 
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Chart 2.— Stepwise hydrolysis reactions of the 1 2 Fe(III)-kojate chelate. 


3:1 Chelate. Titration curves for more than three moles of ligand per mole of 
metal ion show steep inflection at m = 3-0, suggesting that the 3:1 Fe(IIl)-kojate 
chelate is formed without any significant contribution of hydrolysis reactions in the 
buffer region preceding to the inflection range. In addition, the titration data approve 
that the co-ordination number of Fe(lII) is and not more than six. Stability constants 
for the 2:1 and 3:1 chelates were estimated by the aid of equation (17) and plotting 
the data as shown in Fig. 6. These constants thus determined are summarized m 
Table 1. Oxygen atom is generally said to be profound donor atom toward iron(Ul) 
ion. This is approved in the case of Fe(III)-kojate chelates and kojic acid is an 
excellent chelating agent for iron(III) ion. 

Beyond the inflection region at m — 3-0 the pH value of the solution did not reach 
equilibrium in a short period of time and precipitates started to appear. This precipita¬ 
tion is possibly due to either disproportionation reaction or further hydrolysis 
reaction, both of which yield hydrolysed species of Fe(HIVkojate chelates. 

Acknowledgment —The author wishes to express his gratitude to the Ministry of Education for the 
Scientific Research Grant which supported this work in part. 
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THE DETERMINATION OF ION ASSOCIATION* 
CONSTANTS FROM CATION EXCHANGE 
MEASUREMENTS—I 

, ii 

the cadmium chloride and cadmium bromide systems 

O. D. Bonner, H. DoLYNiuKf, C. F. Jordan? and G. B. Hanson 
C hemistry Dept University of South Carolina, Columbia, South Carolina. 

( Received 5 December 1961; in revised form 23 January 1962) 

Abstract—Studies of ion association reactions involving cadmium bromide and cadmium chloride 
have been made using cation exchange equilibrium measurements over the temperature range 0-98°. 
The cadmium chloride ion pair formation constants increase with temperature over the entire 
temperature range while those of cadmium bromide initially decrease and then increase at tempera¬ 
tures above about 60° This results in a change in sign of the value of for the bromide ion associa¬ 

tion constant as the temperature is increased Values of both the formation constants and enthalpies 
of formation for those ions agree with those found in the literature at 25°. 

Many measurements of ion association constants have been made in both aqueous 
and non-aqueous media. Nancollas has recently treated the thermodynamics of ion 
association in aqueous solutions. (1) Among the most interesting results reported have 
been those for the ion pairs CdCl + and CdBr + since near room temperature CdCl + 
becomes more stable and CdBr+ becomes less stable as the temperature is elevated. 
Austin et al. have made a critical survey of measurements on the CdCl + system and 
have contributed further data on the CdBr+ system. 12 ' Ion association constants cal¬ 
culated for the reaction 

M 2+ + X- = MX+ (1) 

are reported to 91 ± 5 for CdCl+ and 142 ± 7 for CdBr + . The value for CdCl + was 
calculated from e.m f. measurements, (3) although consideration was given to conduc- 
tance (4) and potentiometric titration 16 ' 81 data. The value for CdBr+ was that calculated 
from spectrophotometric data by the authors. Values of A H° calculated for the above 
reactions are reported to be 980 ± 200 for the formation of CdCl+ and —320 ± 100 
for the formation of CdBr + . These values were calculated from the measurements of 
heats of dilution by Robinson and Wallace.' 7 ' 

* This research programme in the field of Ion Exchange Equilibria is supported by a contract 
with the Atomic Energy Commission 

t National Science Foundation Summer Participant 
+ National Science Foundation Undergraduate Research Participant 

111 G H. Nancollas, Chem Soc Quart Rev. 14, 402 (1960). 

121 J M. Austin, R. A Matheson, and R. N. Parton, Some Thermodynamic Properties of Solutions 
of Salts of Bivalent Metals in The Structure of Electrolyte Solutions (Edited by J. Hamer) J. Wiley, 
New York (1959). 

121 H S Harned and M W. Fitzgerald, J Amer Chem. Soc 58, 2624 (1936). 

141 E C Righellato and C W Davies, Trans Faraday Soc. 151, 2029 (1931) 

H. L. Riley and V. Gallafent, J. Chem. Soc 2029 (1931) 

C E Vanderzee and H. J Dawson, J. Amer. Chem. Soc. 75, 5659 (1933). 

1,1 A L. Robinson and W. E Wallace Chem. Revs 30, 1195 (1942) 
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• Ion association constants from cation exchange equilibria 

Kraus and co-workers (8) have estimated ion pair (or complex) formation constants 
for many systems using amon-exchange data. These studies involved the use of mixed 
electrolyte solutions containing a sufficiently high concentration of the complexmg 
anion to form an anionic complex of the type MX/ - . If, however, the investigation 
of a cationic complex of the type MX+ is desired, one may use a cation-exchanger and 
somewhat more dilute solutions noting the effect of the variation of the anion (co-ion) 
on the exchanger-solution equilibrium. 

The exchange of calcium ion for cadmium ion by an ion exchanger may be repre¬ 
sented by the equation 

Ca 2+ + CdR.es = Cd 2+ -f CaRes (2) 

The equilibrium quotient for this exchange would be 

HSU 

« 

where c represents concentration m moles per litre and X represents mole fraction. In 
dilute solutions, where the ionic strength principle might be expected to apply, this 
quotient is a function of the resin loading and ionic strength only and is independent of 


£ca\ 


1 Cd'resin 


(3) 



|/T x I0 3 

Fig 1 —Ion association constants at various temperatures 
A, CdCl, A«”„, = + 1100 cal, B, CdBr, CSH° it o = -770 cal 


the co-ion used. Any apparent deviations from constancy may be attributed to ion 
association m the aqueous solution since the virtual exclusion of the co-ion from the 
resin phase makes the possibility of ion association in the resin almost negligible 
The calculation of ion association constants 



(4) 


corresponding to the reaction shown in equation (1) may be performed using ion ex¬ 
change data from experiments involving salts containing the anion m question and 

,#l Kraus and co-workers have published many results of studies of a metal complexes. A summary of 
much of their Work appears m K. A Kraus and F Nelson, Anion Exchange Studies of Meta! 
Complexes, in The Structure of Electrolyte Solutions (Edited by W J Hamer) J Wiley, New 
York (1959). 
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comparing these data with those where a non-associating anion such as perchlorate is 
Js ed. For example, at a resin loading corresponding to equal amounts of calcium and 
cadmium ion (X 0# = X Ci — 0-5), the equilibrium quotient, k, is equal to the experi¬ 


mentally determined solution concentration ratio 



total, when perchlorates are 


used. When the experiment is repeated using chloride salts, the concentration of 
calcium ion is still equal to the experimentally determined total calcium concentration 
but the total cadmium concentration is now equal to the cadmium ion concentration 
plus the amount of CdCl + ion which is formed. The apparent equilibrium quotient, 

k oha , for this exchange is still equal to the ratio total. The actual Cd^ ion 


concentration is then calculated to be the product of the total cadmium concentration 
and the quotient of the observed equilibrium quotients for the exchanges using solutions 
of chloride and perchlorate salts. The concentration of CdCl + is the difference between 
the total cadmium concentration and the calculated concentration of Cd 2+ ion. 

Experimental. Approximately 0-5 g of 8 % DVB ion exchange resin which had been 
previously converted to either the calcium of cadmium form was placed along with 
100 ml of a solution 0-033M in calcium and cadmium perchlorate in a jacketed flask 
equipped with a stirrer. The ratio of the concentration of calcium to cadmium in the 
0-033M metal perchlorate solution was adjusted so as to yield the desired resm loading 
at equilibrium A liquid having the desired boiling point was refluxed through the 
jacket of the equilibrium vessel maintaining a constant temperature. Convenient 
liquids with their boiling points are cyclopentane, 50°; carbon tetrachloride, 77-5°; 
n-heptane, 98°. The same apparatus was used at lower temperatures by circulation of 
water through the jacket or by packing it with ice. 

After equilibrium was attained (2-4 hr), the phases were separated by withdrawing 
the bquid phase through a glass frit (while maintaining the apparatus at the tempera¬ 
ture of the experiment. The resm phase was then washed with distilled water and 
eluted with 2 molar KC1 solution. The eluate as well as the equilibrium solution were 
analysed for both calcium and cadmium concentration by compleximetric titration 
with a standard solution of the disodium salt of ethylenediaminetetraacetic acid 
(EDTA). Both calcium and cadmium are complexed in alkaline solution while only 
cadmium is complexed in acidic solutions. 

Results. Ion association constants and enthalpies of association may be calculated 
at various temperatures since ion exchange equilibrium measurements are easily made 
at temperatures other than room temperature. The results of ion exchange experi¬ 
ments at five temperatures are reported in Table 1. Although equilibrium quotients 
were measured at several resm loadings, those measured at equal calcium and cadmium 
loading were felt to be most accurate and values at this point were taken from smoothed 
plots and used in the calculations. Uncorrected ion association constants, K’, were 
calculated from the raw data. Activity coefficient corrections which were applied at 
25° m order to calculate values of K for comparison with values reported by Austin et 
at. are those reported by Klotz (9) . No attempt was made to correct the experimental 
constants at other temperatures because of the unavailability of activity coefficient 
data. The raw data were used directly in the calculation of enthalpy values since the 
activity coefficient corrections at each temperature would be largely compensatory. 
1,1 1 M Klotz, Chemical Thermodynamics, p. 332 Prentice-Hall, New York (1950). 
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Although no calculations were attempted, the data for the nitrate salts indicate agree¬ 
ment with the reported value of 2-5 for the ion pair formation constant for Cd NO, 
The ion association constants as calculated from ion exchange measurements at 25' ! 
are in satisfactory agreement with those reported by Austin and co-workers. T|, e 
value ofAJT at 25° for the formation of CdCl + , as calculated from ion exchange ex¬ 
periments by means of the vant Hoff equation, is in agreement within the limits of 


Table 1.—Calculation of ion association constants for cadmium salts 


Temperature 

Counter-ion 

Ion-exchange 
equilibrium 
quotient at 
ALci = 0 5 

Ion association constants 

K' 

K 

O' 

cio 4 - 

2 46 




NO,- 

2 50 




ci- 

6 50 

34 



Br- 

10 20 

72 


25° 

cio,- 

1 97 




NO,- 

200 




ci- 

5 95 

42 

95 


Br- 

7 50 

61 

133 

50“ 

cio,- 

1 74 




NO,- 

1 75 




ci- 

5 65 

48 



Br- 

640 

58 


77“ 

cio,- 

1 60 




ci- 

5 60 

54 



Br- 

5-85 

57 


v© 

00 

o 

cio,- 

1 50 




ci- 

5 65 

60 



Br 

590 

65 



reliability of the method (± 10 per cent), with that reported by Austin. The value for 
CdBr + is somewhat more negative than that reported by Austin. It is believed, how¬ 
ever, that this value is probably somewhat more reliable than that calculated from 
heats of dilution. It is of interest to note that although the values of AH 0 for the ion 
association reactions involving the chloride and bromide ions have opposite signs at 
lower temperatures, they are both positive at higher temperatures. 
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ISOTOPIC EXCHANGE IN THE COBALTOUS-COBALTIC 
SYSTEM IN PERCHLORIC ACID—II 

HEATS AND ENTROPIES OF EXCHANGE 
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Abstract —Thermodynamic data have been evaluated for the two paths through which exchange 
takes place in the cobaltous-cobaltic aquo system in perchloric acid For the acid-independent path 
A//J and A Si have been found to be 12 6 ± 0 5 kcal mole -1 , and —14 ± 2 e.u. respectively, while 
the values for the acid-dependent path were 11-6 ± 2 5 kcal mole -1 and —7 ± 5 e u. The tempera¬ 
ture was varied from 0 to 20°C while the ionic strength was maintained at 1 -0 throughout. 

In a previous paper,' 11 the authors have reported the results of a study of the exchange 
in the Co(II)aq-Co(III)aq system at 0°C. The exchange was found to proceed via two 
paths: (A) an acid independent path and (B) an acid dependent one. In this paper an 
attempt has been made to evaluate some of the thermodynamic quantities for these two 
paths. 

EXPERIMENTAL 

The experimental details were the same as those described previously.' 1 ’ The ionic strength (p) 
was maintained at 1 0 using sodium perchlorate while the perchloric acid concentration was varied 
from 0 3F to 1 OF The desired temperatures were maintained constant withm ±0 2°C with water in 
Dewar flasks At the concentrations of acid used, the decomposition of Co(llI) was negligible during 
the experiment (~1 hr). Since the concentrations of the reactants were small, Co ,+ and [Co(NH,)»] ,+ 
were added as carriers (~3 x 10 -J F) during the chemical separation. 


RESULTS AND DISCUSSION 

The plots of the velocity constant k against 1/[H] + (where [H + ] is the hydrogen ion 
concentration) at /x — 1 at different temperatures are given in Fig 1. The accuracy of 
the values of k is ±5 per cent. From the slopes of the straight lines and the intercepts 
were obtained the constants k 2 and k 1 K h in the relation 


k = k 2 4 


[H + ] 


( 1 ) 


(where K h is the hydrolysis constant), and these are given in Table 1. 


Table 1 —The intercepts (a) and slopes (b) obtained from fig. 1 


Temperature (°C) 

0.0 rt- 0 2 

70 ± 02 

14 0 ± 0 2 

20 0 ± 0 2 

a — A 2 (F -1 min -1 ) 

29 ± 2 

50 ± 3 

90 J- 6 

150 4- 12 

b = AjA^fmin -1 ) 

13 ± 2 

37 ± 3 

85 ± 6 

205 ± 12 


Plots of log a and log b versus \{T are shown in Fig. 2, from which the values of 
activation energy have been calculated. A consideration of Table 1 shows that even 
at (H + ) = 10 E, the contribution of the acid-dependent path to the overall k is 

111 J Shankar and B C. de Souza, J Inorg. Nucl Chem. 24, 187 (1962). 
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ppreciabla (~30 per bent at 0°Q. As such the overall E value of 16 kcal obtained by 
us and that of 1 3-2 kcal obtained by Hunt and Bonner* 2 ’ are not of much significance. 
j n the present work the linear Arrhenius plots (Fig. 2) show that die activation 
energies are constant over the range of temperatures studied. The value of £ e , the 
jetivitation energy for the acid-independent path, is obtained directly from the plot A 
,f pig. 2 as 13-2 ± 0*5 kcal mole -1 , from which AH' can be calculated as 12*6 ± 0*5 
kcal mole -1 and AS-, as — 14 ± 2e.u. The value of 21*6 ± 0*6 kcal' mole -1 and 

18 ± 2e.u. for the acid-dependent path include A//and AS for the hydrolysis of 
Co 3+ ion. A knowledge of these is thus necessary to evaluate the true activation 
energy and entropy for the acid-dependent path. 

Sutcliffe and Weber (8) have reported values of 10 ± 2 kcal mole -1 and 25 ± 7 e.u. 
for A H and AS in the hydrolysis reaction, but in a later paper 14 ’ they consider that the 
values may be in error due to interference by dimer formation in the spectrophotometric 
measurements on which the above results are based. A survey of the literature* 5-10 ’ 
shows that among metallic ions the hydrolysis of which has been studied, A H for the 
reaction M” + •+- H g O ^ MOH*" -1)+ + H + lies close to 10 kcal mole -1 , especially for 
those elements which in size and charge resemble Co 3f aq. Furthermore, using the 
emperical equation of Cobble* 11 ’ AS 0 for the reaction Co u aq -f- H a O % CoOH a+ -f 
H+ is calculated as 25 ± 5 e.u., suggesting that the values of AT/and AS reported by 
Sutcliffe and Weber* 3 ’ may not be greatly in error. 

Using these values A H* and AS* for the acid-dependent path become 11-6 ± 2*5 
kcal mole -1 and — 7 ± 5 e.u. respectively. 

The difference m values of E a for the acid-independent paths in the systems 
Co(II)aq-Co(III)aq and Fe(II)aq-Fe(IlI)aq is ~4 kcal mole -1 . It is interesting to 
note that a similar energy value was proposed by Friedman* 12 ’ et al. for the preliminary 
conversion of the de 8 configuration of Co 3+ aq to one of de x dy 2 , the latter facilitating 
isotopic exchange The corresponding rearrangement energy in the system 
Fe(lII) 2+ * 3+ aq would appear to be negligible. 

Stranks* 13 ’ and coworkers, who have studied the variation in the exchange rate 
in aqueous solution between a series of redox pairs of the formula Co(NHj) e _ n 
(H 2 0)j5 +>2+ , where n varies from 1 to 6, find that when n is varied from 1 to 3, the 
activation energy for the exchange remains almost constant at 13-5 kcal, while the 

entropy becomes steadily less negative with the introduction of each OH group (the 

exchange proceeds through the hydroxy form). From this they concluded that the 
exchange in the Co(H 2 0) 6 3+ * 2 f system (presumably through the acid-dependent path) 
will be characterized by values of E a = 13*5 kcal mole -1 and AS 1 — —13 e.u. Due 
to the rather large experimental error, the predicted values apparently agree with the 

121 N A Bonner and J P Hunt, / Amer Chem Soc 82, 3826 (1960) 

121 L H Sutcliffe and J. R Weber, Trans Faraday Soc. 52, 1225 (1956) 

111 L H Sutcuffe and J. R Weber,/ Jnorg Nuci Chem. 12, 281 (1960) 

ls| F BASALOandR G Pearson, Mechanism of inorganic reactions, p 66 J Wiley, New York (1958). 

R. M Milburn, / Amer. Chem. Soc 79, 537 (1957). 

G N Bjerrum, Z Phys Chem. 59, 336 (1907) 

181 S C. Furman and C S. Garner,/ Amer Chem Soc 72, 1785 (1950). 

K A Kraus and F Nelson,/. Amer. Chem. Soc. TJ, 3721 (1955) 
lw G Harbottle and R. W Dodson, /. Amer. Chem Soc 73, 2442 (1951). 
n " J W. Cobble, /. Chem. Phys 21, 1446 (1953) 

1,21 H L. Friedman, J. P. Hunt, R. A Plane and H Taube, /. Amer. Chem. Soc 73, 4028 (1951). 
"' !l D R. Stranks, Disc. Faraday. Soc 29, 73 (1960). 
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experimentally determined ones. However, the extrapolation is not entirely justified 
since preliminary conversion of the electronic configurations into these favourable fo. 
exchange will be easier in the case of the aquo redox pair, due to the difference in the 
ligand field strengths of the —OH a and the — NH 3 groups. This difference in the 
rearrangement energy should be reflected in the E a values. 

The authors have already suggested* 11 that for the acid-dependent path, an atom- 
transfer mechanism appears more attractive, while true electron transfer would 
probably obtain for the acid-independent path. A comparison with other system 
suspected of undergoing exchange through similar mechanisms would be interesting 
Table 2 gives data for systems that exchange though atom transfer while Table 3 
contains data for some systems that exchange most probably by direct electron transfer 

In Table 3, the complexes have been arranged in order of decreasing ligand field 
strength, which will also affect the difference in the bond distance (r s — r 3 ) in the 
various redox pairs Both in the case of a strong ligand field and a weak one, the 
difference (r 2 — rj is small and hence exchange is facilitated. For intermediate field 


Table 2 —Thermodynamic data for some systems in which exchange 

PROBABLY PROCEEDS THROUGH H ATOM TRANSFER 

Temp range 

System EJ kcal) A Si (e u) A Ft (kcal) /t (“C) Ref 


Tl ,+ -TIOH Jf 

14 7 

-33 

23 

60 

25-41 

10 

VOH a+ -VO !+ 

10 7 

-24 

17 

25 

25-40 

14 

Fe ,+ -FeOH s+ 

10 0* 

-28* 

18* 

0 55 

0-20 

15 

Co a+ -CoOH ,+ 

12 2 

-7 

14 

1 0 

0-20 

This paper 


* Calculated using the values of A// and AS for the hydrolysis of Fe ,+ aq obtained by Milburn" 1 
Table 3.—Thermodynamic data for some systems in which true electron 

TRANSFER IS PROBABLE 


Temp Rate of 

System* r 2 -fit £„(kcal) ASt(e u) /i range ( r C) exchange 


Co(phen) ,+ ' s+ 

Large 

17 

Co(en) 3 ,+ .“ + 

Very 

large 

14 3 

Co(NFl 3 ) e s M+ 

Very 

large 

13 5 

CofEDTA) 1 . 2 - 

Very 

large 

22 

Co(H 1 0) e “ + . !,+ 

Small 

13 2 

Fe(H,0) 6 8 +.»+ 

Small 

9 9 

NpO, 1+ . J + 

Small 

8 3 

Ce(aq) 4+ . a+ 

Small 

7 7 


+4 

0 1 

0-13 

Slow 

-33 

0 98 

1 98 

25-45 

Very 

slow 

41 



Very 

slow 

-17 

01 

60-85 

Very 

slow 

- 14 

1 0 

0-20 

Fast 

-25 

055 

0-20 

Fast 

-24 

10 

0-10 

Fast 

-40 

618 

-10-25 

Fast 


Ref 


16 

17 

18 


19 


This paper 
15 
20 
21 


t ^rarem^hnnH 1 ^ 0 ! 16116 EE> T A = eth y lenc diamine tetraacetic acid en - ethylene diamine 
T r 1 ,r l are the bond distances in the reduced and oxidized states. 7 

oil F'c? GARNERands c Furman, J. Amer Chem Soc 74, 2333 (1952) 

” 1 Silverman and R W Dodson, J Phys Chem 56, 846 (1952). ’ 

mi «/ ® AKER ’ F Basalo and H N Neumann, J Phy v Chem 63 371 (1959) 

-JW.B Lf^s.CD Coryell and J W Irvine, J Chem Soc HIS ) 

L 55, 1268 R (i?59f KS ’ M S Vajdhya - G J Weston and d' J. Simpson, Trans Faraday 

.»! D ComZ'Tr Cwf K ' S Inor X Nucl Chem 3, 206 (1956). 

f'w GRYDER C andTw N D a oni C , H ] NDMAN ’ J Amer Chem Soc . 76, 352 (1954). 

J. W Oryder and R. W Dodson,/ Amer Chem Soc 73,2890(1951). 
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s t;cngths, (r t — r t ) is larger and exchange is not favoured. Thus, the experimentally 
determined value of (r 2 — rj) for Co(NHg) 8 8+ ’ 2+ (intermediate ligand field) is 
0 A, (28,s8) and for Co(H 2 0) 8 s+,2 ' t ' (weak field) is 0-17 A. (5> The rate of exchange 

observed for the system Co(H 2 0) a 8+,2+ is thus in good agreement with these concepts. 

i»r f Watanabe, M. Atoji and C. Okazaki, Acta. Cryst. 3, 405 (1950). 

( 23 * h C Baoion, J. Phy Chem. 56, 868 (1952). 
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THE EXTRACTION OF URANIUM (VI) FROM SULPHURIC 
ACID SOLUTIONS BY DI-(2-ETHYLHEXYL)- 
PHOSPHORIC ACID 

Taichi Sato 

Government Chemical Industrial Research Institute, Honmachi, Shibuya-ku, Tokyo, Japan * 

(Received 11 September 1961) 

Abstract—The partition of uranium (VI) between sulphuric acid solutions and solutions of di-(2- 
cthylhexyl)-phosphoric acid (DEHPA) in kerosene has been investigated at varying concentrations 
of sulphuric acid, solvent and uranium at different temperatures. Changes in acidity of the organic 
solutions have been examined, and infra-red data have been obtained; the mechanism of uranium 
exiraction is discussed on the basis of these results. 

Tributyl phosphate (TBP), which is used in many extraction processes, is not 
effective for the extraction of uranium from sulphuric acid solution, and di-(2- 
ethy!hexyl)-phosphoric acid (DEHPA) plays an important rdle in this system. The 
extraction of uranium from acid solutions by DEHPA has been studied by many 
investigators, (1) but observations on the extraction mechanism are limited.' 2 * This 
study has been made to present some information on the mechanism of uranium (VI) 
extraction from sulphuric acid solution by DEHPA. 


EXPERIMENTAL 

DEHPA (Virginia Carolina Chemical Corporation) was purified by washing several times succes¬ 
sively with 10 per cent sodium carbonate solution, 6 N hydrochloric acid and water. 

Extractions were carried out as follows: 20 ml of DEHPA diluted with kerosene and an equal 
volume of uranyl sulphate solution containing sulphuric acid were shaken for 5 min in a SO ml 
stoppered conical flask in a water bath at the required temperature. Uranium in the organic phase 
was then back-extracted with 6 N hydrochloric acid and the partition coefficient was determined as 
described previously 1,1 Uranium was determined 1 * 1 by adding an excess of EDTA and ascorbic acid 
to form the uranium (IV)-EDTA complex in boiling solution, the free EDTA being back-titrated 
with thorium nitrate solution using xylenol orange as indicator at pH 2-3. 

The acidity of the organic phase was determined by adding 2 ml to 25 ml of 75 per cent ethyl 
alcohol containing 2 per cent sodium oxalate solution 111 titrating with 0 01 N sodium hydroxide 
solution using phcnolphthalein as indicator 

Infra-red spectra were measured after separation from the aqueous phase in a cel] with thallium 
halide windows, using a Shimazu IR recording infra-red spectrophotometer with sodium chloride 
prisms. 

RESULTS AND DISCUSSION 

(a) Dependence on acid and solvent concentration 

The extraction of uranyl sulphate solution (4-5 g/1) containing sulphuric acid 
by DEHPA in kerosene at 20°C was measured at varying sulphuric acid concentration 
with the results shown in Fig. 1. 

111 E g.C A Blake, K B. Brown and C F Coleman, U S AEC.ORNL 1903 (1955); C. A. Blake 
D J Crouse, C. F. Coleman, K. B. Brown and A. D. Kelmers, U.S.A E.C., ORNL 2172 (1956); 
C A Blake, Jr., C F Baes, Jr , K B Brown, C F. Coleman and J. C White, Proceedings 
°f the Second International Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958. 
Vo1 28, p. 289. United Nations (1958) 

' C F. Baes, Jr., R. A. Zingaro and C. F. Coleman, J Phys Chem. 62, 129 (1958) 

;;; r Sato, J Inorg. NucI. Chem. 6, 334 (1958). 

J Kinnunen and B. Weunerstrand, Chenust-Analyt. 46, 92 (1957). 
f Sato, J. Inorg. Nucl. Chem. 9, 188 (1959). 
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According to Baes et a! .' a », DEHPA extracts uranium (VI) from acid perchlorate 
solutions by the ion-exchange mechanism 

UO s 2+ (j) + 2(HX) 2 (c) «± U0 2 H 2 X 4 (o) + 2H+(a) (]) 

where X represents the anion (R0) 2 P0 2 _ and (a) and (<?) represent the aqueous and 
organic phases respectively. If the extraction of uranium (VI) from sulphuric acid 
solutions by DEHPA also follows this mechanism then the following relationship 
must hold: 

log 4 E a ° = log K + 2 log (C s — 4C u )/-C h ( 2 ) 

m which E a ° is the partition coefficient, K the equilibrium constant, C, the total 
DEHPA concentration, C v the organic phase uranium concentration and C H the 
aqueous acidity. In order to investigate the dependence of partition coefficient on 
solvent concentration, values of log E a ° were taken form Fig. 1 and plotted vs log 
( c, - 4C D )/C H at constant sulphuric acid concentration with the results shown in 



concentration, M 

^ IG ^ ricuD* su *P^ lurlc acic * concentration upon the extraction of uranium (VI) by 
UhHrA in kerosene (figures on curves are DEHPA concentrations, M) 



m 


The extraction of uranium (VI) from sulphuric acid 

} 1 

f ie 2. The slope of this curve shows that equation (2) is satisfied except in 0-05 and 
Q.]f M HjSO«. Thus, although the extraction of uranium (VI) from sulphuric acid 
solutions by DEHPA generally occurs via the formation of 1:4 uranium-DEHPA 



Fio. 2. — Partition coefficients for DEHPA concentrations between 0-01 and 0 1 M in 
kerosene (values of log E„° vs log(C, — 4C\,)/C„ at 0 05 (□), 0 15 (<»,0-5 (O). 1 0(A) 
and 2 0 (y ) M sulphuric acid values of log vs log (C, — 2C v )!C a at 0 05 (■) 
and 0 15 () M sulphuric acid) 

complex, at low sulphuric acid concentrations equation (1) is not obeyed. Under 
these conditions a polymeric uranium-DEHPA complex' 2 ’ may be formed by the 
following reaction in addition to that in equation ( 1 ) 

UO a X 4 H,(o) + UOj 2 f (a) + (HX) 2 (o) (UO a ) 2 X 6 H 2 (o) + 2H+ (3) 

1 e 2U0 8 2+ + 3(HX)j «± (UO,) s X,H e (o) + 4H+ (4) 

This leads to the following relationship: 

log 4 E: = log K, + 2 log (C. - 2C„)/C H 


(5) 
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where K, is a constant. When values of log E° vs. log (C t - 2C D )/C H were plotted 
for sulphuric acid concentrations of 0-05 and 0-15 M it was observed that equation (5) 
,s satisfied under those conditions. Hence it is presumed that at low sulphuric ac,d 
concentrations extracts takes place via the formation of a polymeric uranium- 
DEHPA complex according to equation (4). 

In order to investigate the acid dependence of the partition coefficient, values of 
log E ° were plotted vs log (C, - 4C U )/C H at constant DEHPA concentration 
between 0-5 and 2-0 M acid with the results shown m Fig. 3. This shows that equation 



Fig 3 —Partition coefficients in sulphuric acid between 0 5 and 2 0 M (values of log £„° 
vs log (C, - 4CY)/C b at 0 0J (□),0 02 «>), 0 03 (V), 0 05 ( x),0 07 (A) and 0 1 (O) M 

DEHPA in kerosene) 


(2) is not satisfied at DEHPA concentrations below 0-03 M. From these results it is 
inferred that as the organic phase uranium concentration exceeds that corresponding 
to the formation of the 14 uramum-DEHPA complex the polymeric uranium 
DEHPA complex may be formed at low DEHPA concentration. 


(b) Dependence on uranium concentration 

Extractions were carried out with 0-1 M DEHPA m kerosene at 20°C at concen¬ 
trations of uranyl sulphate between 0-45 and 45 g/l., with the results shown m Fig 4 
Below 0-025 M initial aqueous uranium concentration the organic phase concentration 
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j nc ,-eases linearly with increasing initial aqueous concentration, but less rapidly above 
0 025 M. This suggests that the l:4uranium-DEPHA complex is formed at low 
fdtmU n concentrations, and the polymeric complex may be formed at higher uranium 

concentration. 



Initial aqueous sulphuric acid 
concentration, M 

Fig 4 —Effect of uranium concentration upon the extraction of uranium (VJ) by 0 1 M 
DEHPA in kerosene (figures on curves are uranyl sulphate concentrations, g/1) 


(c) Dependence on organic phase acidity 

In order to clarify the ion-exchange behaviour of DEHPA in the extraction of 
uranium, uranyl sulphate solutions (4 5 g/1) containing sulphuric acid of various 
concentrations were extracted with 01 M DEHPA in kerosene at 20°C, followed by 
measurement of the acidity of the organic phase, Similar experiments were carried out 
with sulphuric acid solutions in the absence of uranium. 

f'tg. 5 shows that in the absence of uranium the acidity remains approximately 
constant, but in the presence of uranium the acidity diminishes with diminishing 
sulphuric acid concentration. The increase in acidity of the organic phase corresponds 
to the hydrogen ion released on exchange, assuming an ion-exchange mechanism of 
11ic type shown in equations (1) and (4), 
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Initial aqueous sulphuric acid concentration, M 

Fig 5 —Change in acidity of the organic phase on extraction of uranium (VI) with 0-1 M 
DEHPA in kerosene (Q in the presence of uranium, A in the absence of uranium) 

(d) Temperature effects 

Extractions of uranyl sulphate solution (4-5 g/1.) containing 0-15 and 1-0M 
sulphuric acid with 0-1 M DEHPA in kerosene at temperatures between 10 and 50' : 
gave the results shown in Fig 6. 



Temperature, °C 

Fio 6,—Effect of temperature upon the extraction of uranium (VI) by 0 1 M DEHPA 
m erosene (A and o represent 015 and 1-0 M sulphuric acid respectively) 
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The partition coefficient is large when the extraction temperature is low, and 
decreases with increasing temperature. The heat of reaction, (i.e. the value of the 
enthalpy change) (1) was estimated to be 1-71 kcal/mol in 0-15M H 2 S0 4 and 242 
keai/mol in TO M H s SO t . 



Frequency, cm ' 1 Frequency, cm ' 1 


Fig 7 —Infra-red spectra of the organic solutions involved in the extraction of 4-5(a) 
and 45(b) g/1 uranyl sulphate solutions containing sulphuric acid of various con¬ 
centrations by 0 1 M DEHPA in kerosene (figures on curves are sulphuric acid con¬ 
centrations, M) 

(e) Infra-red spectra 

Infra-red spectra of the organic phases were examined after extraction of uranyl 
sulphate solutions (4-5 and 45 g/1.) containing sulphuric acid of various concentrations 
with 01 M DEHPA in kerosene at 20°C; the spectra are given in Figs. 7(a)-(h). 
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In the infra-red spectra of DEHPA in kerosene (Fig. 7a), the absorption band at 
1230 cm - 1 is assigned to the P-* 0 frequency,"” and OH stretching bands at 2680 
and 2350 cm' 1 , which are attributed to the formation of dimer, and the OH bending 
band at 1690 cm -1 also appear. In the extraction of uranyl sulphate solutions at 
4.5 g/| (fig. 7 a), the following results are observed: with diminishing sulphuric acid 
concentration, the band at 930 cm -1 assigned to the uranyl group,< 7 > becomes stronger 
and the P —*■ 0 absorption band is gradually shifted from 1230 to 1200 cm while the 
intensities of the OH stretching and bending bands decrease. In the more concentrated 
solution (Fig. 7b), the uranyl band at 930 cm -1 is sharper, due to the increased 
uranium concentration in the organic phase. Simultaneously, with diminishing 
sulphuric acid concentration the OH stretching and bending bands almost disappear, 
and the P -* 0 frequency at 1230 cm -1 is progressively shifted as follows: 1220 cm 1 
(4 0 M H 2 S0 4 ), 1145 cm - 1 (10 M H 2 S0 4 ), 1135 cm -1 (015 and 0 05 M H 2 SO„) 
In the last two cases however, the bands at 1085 and 1060 cm -1 , of uncertain assign¬ 
ment, appear in addition to the [P—O]—C stretching vibration at 1030 cm -1 

Moreover, the spectra of the organic phases from 0-2 M DEHPA extraction are 
analogous to those from 0 1 M DEHPA. Formation of the uranium-DEHPA 
complex is thus accompanied by a shift of the P —> O absorption band at 1230 cm -1 to 
lower frequencies, confirming that the cation-exchange reaction affects the P -> O bond 
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Van Cleave and R L Eager, Canad J Chem 38, 772 (I960) 
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Abstract— Of the organophosphates, the mono-acidic dialkylphosphates—(R0) a P(0)0H—have not 
only proven valuable solvent extraction reagents for the separation of metallic species, they have 
also proven a rewarding subject for the investigator interested in solvent extraction mechanisms. 
Studies of extraction behaviour, osmotic behaviour, and infra-red spectra have shown that these 
reagents are usually present in organic solvents as hydrogen-bonded dimers H,X, which, at low 
loadings, extract metal cations M‘ + to form complexes of the type M(X,H),. The demonstrated 
wide occurrence of this simple cation exchange mechanism—free of complicating extensive associa¬ 
tion and electrolyte extraction—offers an excellent opportunity to examine the effects of ion charge, 
size, and coordination properties on extraction In contrast, systems at high loadings have shown 
moic varied and complicated behaviour involving polynuclear complex formation and anion extrac¬ 
tion The pronounced and selective “synergistic” enhancement of extraction found when the 
dialkylphosphoric acids are used in combination with the neutral organophosphorous compounds 
has aroused considerable interest and deserves continued study 

While solvent extraction has been increasingly applied in chemical analysis and chemi¬ 
cal separations for many years, progress toward an adequate understanding of its basic 
chemistry has been relatively slow. This is not surprising since the physical chemistry 
of the organic solutions used as extractant media is relatively less familiar than that of 
aqueous solutions, and the chemical nature of the extraction products formed is still 
less familiar 

In studying the extraction chemistry of a given class of reagents, it is important to 
examine separately, insofar as possible, each of the many variables such as solvent, 
reagent structure, and the size, charge and bonding properties of the extracted species. 
In many cases this task has proven especially difficult because the extractants (and their 
extraction products) are often extensively associated, they may distribute appreciably 
to the aqueous phase, and besides extracting the metallic species of interest they may 
extract acids, water and other aqueous solutes. 

The dialkylphosphoric acids, (RO) 2 P(0)OH, offer a rewarding subject for the in¬ 
vestigator of solvent extraction mechanisms because their chemistry is often relatively 
free of these complications. At low loadings they extract cations by a simple hydrogen 
ion exchange (often free of water, acid and anion extraction) and the extraction pro¬ 
ducts are usually mononuclear. 

In the early investigations of these extractants it was noted that the extraction 
coefficient E for various cations varied as the —rth power of the acidity (where z is the 
cation charge) and the +zth power of the reagent concentration, and that often the 
saturation mole ratio of metal to reagent (either in solution or as a precipitate) corre¬ 
sponded to the formula MX a (X — (R0) 2 P0 4 ~). This of course suggested the general 
extraction reaction to be 

M aq *+ + zHX org ^ MX 10[g + rH aq +. (1) 

' Presented at The 140th Annual Meeting of The American Chemical Society, Chicago, Illinois, 

Si'p'ember, 1961. 6 
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It was subsequently found, however, that in non-polar solvents (wherein extraction 
coefficients were the highest) these reagents were present as stable hydrogen-bonded 

dimers 

0 -HO 




(RO) 2 P 


p(0R) 2 


/ 


OH-0 


Thus it was concluded that the general extraction reaction is instead 

M aq z+ + z(H 2 X2) org MX 2 jH, org + 2 ^nq + (2) 

’K — •E , ([H + l ftq /[H 2 X 2 ] (>r(! ) 1 


at low loadings. While additional extraction complexes are usually formed as the 
loading is increased (complexes which are often polynuclear and which can contain 
water and anions), at low loadings this reaction, leading to the formation of a complex 
MX 2 i H, in which only half the acidic hydrogen of the extractant is replaced, has been 
found to be quite common This has led the author to suggest the following simple 
chelate structure 

(OR) 2 

P 


/ \ 

0 o 




\ 


H 


O O 

\ / 

P 


, M(X 2 H), 


(OR), 


I 


(yielding the usual chelate co-ordination number 2 z, but involving an eight membered, 
hydrogen bonded ring) for the extraction complex MX 2 j H 2 

The prevalence of reaction (2), and the implied stability of a single structure for the 
extraction complex makes it profitable to examine the considerable body of informa¬ 
tion now available for this class of extractants with the object of drawing some con¬ 
clusions concerning the effect on extraction of solvent, reagent structure, ion charge, 
ion size and loading. 

1. Solvent effect on reagent association and extraction From measurements of the 
distribution of di(n-butyl) phosphate (DBP) between a given organic solvent and 
aqueous solutions, Dyrssen and co-workers* 1 ’ 21 and Hardy and co-workers* 3,41 have 
evaluated the dimerization constant 


Kz ~ [H 2 X 2 ]oiV[HX] 2 orK (3) 

D. Dyrssen, Acta Chem Scand 11, 1771 (1957) 

131 D. Dyrssen and L D Hay, Acta Chem Scand 14,1091 (I960) 

181 C. J Hardy and D Scargill, J Inorg Nucl Chem 11,128 (1959) 

<4 > B F. Greenfield and C J Hardy, AERE/R-3686 (1961), 
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and the distribution coefficient of the monomer 

K t = [HX] ors /[HX] aq ’ (4) 

From their results they have pointed out that the dimerization constant K 2 decreases 
as the monomer distribution constant K d increases. This is to be expected since in¬ 
creasing interaction of the more polar monomer with the solvent should tend to cause 
increasing dissociation of the dimer. Dyrssen points out f that if log K 2 is plotted vs. 
log K d , many solvents fall close to a straight line of slope 2 so that the product 

W = [H 2 X 2 ] otg /[HX] aq a (5) 

in these cases is approximately constant (~5 x 10 3 ). 

Such a plot is presented in Fig. 1. It should be noted that, again as expected. 



generally K 2 decreases and K a increases with increasing solvent polarity and hydrogen¬ 
bonding power. For the most non-polar solvents (e.g. the hydrocarbons) the dimeri¬ 
zation constant is of the order of 10®, much higher than for carboxylic acid dimeri¬ 
zation. For those solvents which do not conform to the relationship K 2 K d 2 = 5 x 10 3 , 
it appears that there is something irregular about the solvation of the dimer, H 2 X 2 (the 
product K 2 K d 2 involves only the dimer as an organic phase species). In the cases of 
kerosene, hexane and butyl ether, K 2 K d 2 is lower than the average suggesting less than 
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average dimer solvation. This is not surprising except for butyl ether Chloroform 
appears to solvate the duner relatively strongly, presumably through hydrogen bond- 


® While dimerization is the principle mode of association of dialkylphosphoric acids 
it should be noted that there is good evidence of further association in non-polar 
solvents at the higher concentrations. Dyrssen and co-workers have noted this in 
their distribution studies for DBP in hexane above 0-05M.< 2 > Similarly, isopiestic 
results for di(2-ethylhexyl) phosphoric acid in octane suggest partial tnmenzation,' 5 ’ 
and Fe(III) extraction by this medium showed deviations from third power reagent 
concentration dependence which could also be explained by partial trime^ization. ,6 ’ 
The possibility of such further association becomes especially important in interpret¬ 
ing the observed effect of reagent concentration on the extraction of more highly 
charged metal ions 

DBP extraction quotients Z K for several divalent 17 - 8 ’ and trivalent' 8 - 10 - 11 ’ cations in 
various solvents are presented in Fig. 2. The solvents are arranged in the order of 



increasing K 2 K d 2 values, 1 e , in the order of increasing dimer solvation. It is seen that 
the Z K values generally decrease with increasing dimer solvation, the effect being greater 

,S) C F, Baes, Jr Report ORNL-2737 (1959) 

C F. Baes, Jr and H T Baker, / Phys Chem 64,89 (1960) 

,7> C J Hardy, B F Greenfield and D. Scargill, AERE/R-3316 (1960) 

"" C. J. Hardy, AERE/R-3267 (1960) 

1,1 D Dyrssen and L D Hay, Acta Chem Scand 14,1100(1960). 
m» D. Dyrssen, Acta Chem Scand 11, 1277 (1957) 

(U ’ G Duyckaertz, P Dreze and A Simon, J Inorg Nucl Chem. 13, 332 (1960). 
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for trivaleat ions than for the divalent ions. Carbon tetrachloride appears a better 
diluent for trivalent ions than expected. 

For these data it is instructive to examine the product t K(K i Kf) z , which represents 
the quotients 

[MX 4 H 2 U [H + ] 2 aq 


A K(K 2 K*Y = 


[M* + ] a<l [HX]\, 
[MX,H 3 ] orB [H + ]\ d 
[M 8 +] S(1 [HX]V 


( 6 ) 

(7) 


Since here the extraction product, MX 2 j H i( is the only organic phase species involved, 
the variation of z K(K 2 K d 2 ) z with solvent should reflect the changing solvation of this 
species. Fig. 3 presents values of this product for the various solvents. It is seen that 



for both divalent and trivalent ions, the same trend in solvation noted for the HX dimer 
is present. This suggests that interaction with the polar core of the extraction complex 
is the dominant solvation effect. That the effect is no larger for the trivalent complexes 
than for the divalent complexes could be attributed to their less open structure. The 
magnitude of the variations in K 2 Kf (~1000-fold) and z K{K 2 K d ) z (10 s —10 6 -foJd) 
indicate solvation energy variations of ~4 kcal and ~8 kcal, respectively for H 2 X 2 
and MX 2i H,. 

2. Reagent structure effect. In Fig. 4, Z K values for U0 2 a+(8 > ia) , Be 2+(7i and Y 3+<M > U> 

" a ’C A Blake, C F Baes, Jr , K B. Brown, C F. Coleman and J C White , Proceedings of the 
Second International Conference on the Peaceful Uses of Atomic Energy , Geneva, 1958, Paper 
1550, Vol. 28, p. 289. United Nations, New York (1959). ' s 
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extraction by a number of dialkylphosphoric acids are plotted. Here the various alkyl 
groups hav/been arranged in the order of increasing UO a s + extracrion. Starting with 



the highly branched di-isopropylmethyl and proceeding to 2-propyl, 2-ethyl, 2-methyl 
and normal alkyl groups it is clear that decreased branching near the ester linkage 
results in increased extraction. Increased chain length has a similar effect. The effects 
appear similar in magnitude for both UO a 2+ and Be 2+ . The effect of branching is 
clearly much greater for the trivalent Y 3l \ 

Perhaps the largest structure effect so far observed in this class of reagents is also 
shown in Fig 4 Peppard and co-workers have observed this effect in comparing 
Groups III lanthanide and actinide metal extractions by di(2-ethylhexyl) phosphoric 
acid, DEPA, and di(para 1, 1, 3, 3 tetramaethyibutylphenyl) phosphoric acid. (13) In 
the case of Ac 3f the latter reagent gave a K values 10 7 -fold greater than did DEPA. 
indicating a difference of ~ 10 kcal in the free energy of extraction complex formation 
While large effects of chain branching are to be expected for the trivalent metal com¬ 
plexes, the difference between the n-butyl and the phenyl reagents is surprising. A 
similar large effect has also been found by Peppard and co-workers in the case of 
thorium/ 11 ' 

3. Extraction of cations at low loading. From the extensive work of a number of 
investigators (principally Dyrssen/ 9 - 101 Peppard/ 13 ' 15 ' 161 Hardy/ 7 ' 81 Blake/ 121 

,UI D Peppard, G W Mason, W.J Driscoll and R.J Sironen, J. lnorg. Nucl Chem. 7,216 (1958) 
D F Peppard. G. W Mason and S McCarty, J lnorg. Nucl. Chem. 13, 138 (1960) 

1151 D. F, Peppard, G W Mason, J L Maier and W. J. Driscoll, J. lnorg. Nucl. Chem 4, 344 
(1957) 5 

m D - F Peppard, G W Mason and S W Moline, J. lnorg Nucl. Chem. 5, 141 (1957). 
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KiMURA <w,ia) and their co-workers) it now appears that a large number of cations are 
extracted by di-alkylphosphoric acids in accordance with the reaction in equation (2). 
In Table 1 many of these cations are listed with log *K for extraction by di(2-ethyl- 
hexyl) phosphoric acid (DEPA) in toluene. Many of the measurements were made in 
this medium, the others were made with di(n-butyl) phosphoric acid (DBP) and/or 
with another solvent. Log l K values for the alkali metal ions are uniformly about one 
log unit higher in Amsco 80-125 <191 than in toluene, (1,) anfi this was taken to be the 
corresponding solvent correction for all the monovalent ions. Log 2 K values for 'di¬ 
valent ions, estimated from the work of several investigators, involved smaller cor¬ 
rections for extractant and solvent. These corrections were estimated from Figs. 2 and 
4 Log a K values for the trivalent ions, with the exception of Fe 3+ were estimated from 
the results of Peppard et a/,, 113 * 151 in DEPA-toluene, and Duyckaertz et a/., 1111 m 
DBP-butyl ether. The latter log 3 K values were corrected by subtracting 3-63, which 
appears to be the average difference between the two sets of results. This is reasonably 
consistent with the correction expected from the effects shown by the trivalent ions in 
Figs. 2 and 4. 

Many cations not listed in Table 1 have been reported to extract in accordance 
with Equation (2). They have not been included here either because there was doubt 
that extraction equilibrium had not been reached (e.g., Al 3+ , Ir 3 *, Ru 3+ ) and/or the 
ions were extracted from solutions in which strong complex ion formation is to be 
expected (e g , Ac 34 , Co 2+ , Cu 2 Ga 3+ and Ir 34 in chloride). 117 - 181 

Cations found not to conform to Equation (2) include those of Groups IVa, Va, 
Via, the second and third transition series, Ge, Sn, As and Sb. In most cases the 
aqueous chemistry of these metals is complex involving polymer, oxyion and complex 
ion formation. Much of the available information not included in Table 1 is discussed 
by Kimura. 117 ' 181 Th 4+ has been studied in some detail by Peppard, 1141 who finds that 
ThX a H 2 complexes and ThX 5 (Y)H 2 (when Y - is NO s or Cl - ) rather than ThX 8 H 4 
complexes are formed. This and other tetravalent ions deserve further study. It may 
be that stearic factors prevent the attachment of eight phosphate groups about these 
ions. 

4 Ion size and ion charge effect. It has been pointed out by Dyrssen 191 that for the 
trivalent ions of Groups III, the lanthanide and the actinide metals log *K appears to 
vary inversely as the ion radius This correlation is clearly apparent in Fig. 5. Here, 
in a plot of (log l K)lz vs. z/r, are also included the monovalent alkali metal ions, Ag + 
and Tl 4 ; the divalent alkaline earth ions, Cd 2+ and Zn 2+ , U0 2 2+ and Np0 2 2+ ,andFe 3+ . 

It is seen that all these ions generally show an upward trend in (log z K)/z with z/r. 
The monovalent ions thus show the lowest extractability and the smallest dependence 
of log *K on r, the range of l K values for the alkali metal ions being only a factor of 
four. values for Ag+ and Tl f are ten-fold higher, suggesting a difference perhaps in 
the bonding and/or state of hydration of the complex formed here. 

The divalent alkaline earth ions yield 2 K values covering a 10®-fold range. Z K for 
Mg 2+ (4 X 10 -5 ) is surprisingly low. This value is from Kjmura’s results, 117 - 181 which 
were obtained using relatively short contact times, and so it may not be an equilibrium 
value. From the trend shown by the other alkaline earths, 2 K for Mg 2+ is predicted to 

K- Kimura, Bull. Chem. Soc. Japan 33, 1038 (1960). 

11,1 K. Kimura, Bull. Chem. Soc Japan 34, 63 (1961). 

1191 E Lamb, Report ORNL CF-60-6-132, p. 5 (1960). 
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Table 1.—Extraction of various cations at low concentrations by dialkylphosphoric 
ACIDS (DBP = Dl(n-BUTYL) PHOSPHORIC ACID ; DEPA = di(2-ethylhexyl) phosphoric acid) 

_ fMX„H,Io rg [H + ],q _ (2')E ri^l 
[M ,+ UH a X a ]or* ” [MaxorgJ 







Log ('/O 
DEPA-Toluene 

Ion 

Ion 

Aq medium 

J 

Solvent 

1 

Reagent 

Log ('tO 

radius 

(A) 


Monovalent Ions 


Na + 

Cl- 

Toluene 

DEPA 


-3 84 

0-98 

17 


NO, 

Amsco 80-125 

DEPA 

-2 90 

(-3-9) 


19 

K+ 

ci- 

Toluene 

DEPA 


-3 88 

1 33 

17 

K + 

NO, 

Amsco 80-125 

DEPA 

-2 94 

(-3 9) 


19 

Rb + 

ci- 

Toluene 

DEPA 


-3 98 

1-48 

17 


NO, 

Amsco 80-125 

DEPA 

-2 95 

(-4 0) 


19 

Cs + 

Cl- 

Toluene 

DEPA 


-4 43 

1-67 

17 


NO, 

Amsco 80-125 

DEPA 

-3 25 

(-4 4) 


19 

Ag+ 

NO, 

Toluene 

DEPA 


-1 84 

1 26 

17 


NO, 

Amsco 80-125 

DEPA 

-1 69 

(-2 7) 


19 

T]+ 

ci- 

Toluene 

DEPA 


-2 58 

1 47 

17 

Divalent Ions 

Be ,f 

NO,' 

Toluene 

DEPA 


1 28 

0 30 

7 

Mg*+ 

ci- 

Toluene 

DEPA 


-4 45 

0-65 

17 

Ca a+ 


Chloroform 

DBP 

—25 

(-2 6 ) 

0 94 

9 


NO,- 

Amsco 80-125 

DEPA 

-1 2 

(-1 8 ) 


19 

Sr 8+ 


Chloroform 

DBP 

-3-7 

(-3 8 ) 

1 10 

9 


ci- 

Toluene 

DEPA 


-3 6 


16 


Cl- 

Toluene 

DEPA 


-4 47 


17 


NO,' 

Amsco 80-125 

DEPA 

-3 2 

(-3 8 ) 


19 

Ba ,f 

Cl- 

Toluene 

DEPA 


-39 

1 29 

16 


NO,- 

Amsco 80-125 

DEPA 

-3 9 

(-4 5) 


19 


ci- 

Toluene 

DEPA 


-4 6 


17 

Co* + 

NO,- 

Amsco 80-125 

DEPA 

-34 

(-4 0) 

0 73 

19 


ci- 

Toluene 

DEPA 


-4 90 


17 

Cu» + 

ci- 

Toluene 

DEPA 


-3 52 

0 72 

17 

Zn*+ 

NO,- 

Amsco 80-125 

DEPA 

-1 2 

(-1 8 ) 

0 74 

19 


Cl- 

Toluene 

DEPA 


- 1 30 


17 

Cd* + 

NO,- 

Amsco 80-125 

DEPA 

-1 8 

(-2 4) 

0-97 

19 


Cl- 

Toluene 

DEPA 


-3 75 


17 

UO,» + 

aor 

Toluene 

DBP 

4 56 

(4 4) 

(0 83) 

8 


CIO 4 

Hexane 

DEPA 

460 

(4-3) 


20 

NpO,*+ 

CIO,- 

Toluene 1 

DEPA 

1 


4 36 

(0-82) 

21 
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Table 1 (Cant'd) 


Ion 

Aq medium 

Solvent 

Reagent 

Log («*) 

Log OK) 
DEPA-Toluene 

Ion 

radius 

(A) 

Reference 

1 

Trivalent Ions ' ' 

Sd> + 

CIO," 

Toluene 

DEPA 


88 

0-78 

13 

ya-t- 

cio.- 

Butyl ether 

DBP 

506 

(1-4) 

0-88 

11 


CIO. 

Toluene 

DEPA 


1-7 


13 

La s+ 

cio.- 

Butyl ether 

DBP 

1-23 

(-2 4) 

104 

11 


CIO. 

Toluene 

DEPA 


-2 62 


13 

Ac 1+ 

cio.- 

Toluene 

DEPA 


-34 

1 11 

13 

Ce ,t 

cio.- 

Butyl ether 

DBP 

200 

(-16) 

1-03 

11 


Cl- 

Toluene 

DEPA 


-2-22 


15 

Pr 1 "- 

CIO.- 

Butyl ether 

DBP 

200 

(-1-6) 

1-02 

11 


Cl- 

Toluene 

DEPA 


— 1-92 


15 

Pm”+ 

CIO.- 

Butyl ether 

DBP 

2 54 

( —1*1) 

0 98 

11 


CIO. 

Toluene 

DEPA 


-0 83 


13 


Cl- 

Toluene 

DEPA 


-110 


15 

Sm 8f 

CIO.- 

Butyl ether 

DBP 

2 84 

(-0 8) 

0 96 

11 

Eu s< 

CIO.- 

Butyl ether 

DBP 

3 11 

(-0 5) 

0 94 

11 


Cl- 

Toluene 

DEPA 


-0 44 


15 

Cd 3+ 

CIO,- 

Butyl ether 

DBP 

3 80 

(0 2) 

0 93 

11 

Tb Jt 

CIO,- 

Butyl ether 

DBP 

4 10 

(0 5) 

090 

11 


Cl- 

Toluene 

DEPA 


0 56 


15 

Ho s+ 

CIO,- 

Butyl ether 

DBP 

500 

(14) 

0-89 

11 

Tm sv 

CIO,- 

Butyl ether 

DBP 

6 20 

(2 5) 

0 87 

11 


CIO,- 

Toluene 

DEPA 


2 27 


13 


Cl- 

Toluene 

DEPA 


2 20 


15 

Yb’* 

Cl- 

Toluene 

DEPA 


2 58 

0 86 

15 

Lu s+ 

CIO,- 

Butyl ether 

DBP 

7 70 

(4 1) 

0-84 

11 


Cl- 

Toluene 

DEPA 


29 


15 

Am J+ 

cio,- 

Toluene 

DEPA 


-1 53 

0 99 

13 

Fc J+ 

cio,- 

Octane 

DEPA 

6-65 

(3-6) 

064 

6 


be in the range 0-1—1. If the linear relationship found for the trivalent ions is assumed 
for the heavier alkaline earth ions, then 2 K for Be 2+ is many orders of magnitude lower 
than would be predicted. This of course could be caused by a difference in hydration 
here compared to the other alkaline earth complexes. It seems more likely, however, 
that it is the effect of the small size of Be a+ which, even with tetrahedral co-ordination 
of the phosphatic oxygens, should result in oxygen-oxygen contact. Finally, of the 
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divalent ions, UO a * +,8 - 20) , Np0 2 ^ ,81 - 1,) and PuO ! s+(22) are by far the most strongly 
extracted. They seem to occupy a position analogous to that of Ag+ and T1+ among 
the monovalent ions. 

The tnvalent ions show a remarkably large (nearly 10 13 -fold) range of ‘K values. 
While the results of Duyckaertz, et al., ni) in extractions by DBP in butylether show 
an upward trend for the heavier rare earths, inverse linear variation of log *K with r 



CHARGE / ION RADIUS , l/r 


Fio 5 —Effect of ion charge and ion size on extraction by dialkylphosphonc acids 


for Ac 34 ", La 34 , Y 3 ', Sc 34 , the lanthanides and the actinides is striking. The only other 
tnvalent cation for which equilibrium results free of large aqueous complexing effects 
are available is Fe 3 " <6) It is seen to yield a 3 K value more than seven orders of magni¬ 
tude lower than would be predicted by this linear relationship It is likely that, as in 
the case of Be 2+ , this relatively low extractabihty is caused by the small size of Fe 3t 
(r = 0-64 A), which approaches the size at which anion-anion contact would occur 
with octahedrally bonded phosphatic oxygen atoms It would be of interest to have 
equilibrium extraction results for the even smaller AI 3 + ion. 


From the fairly uniform variation of (log z K)jz (proportional to the free energy of 
formation of an M-X 2 H linkage in structure I, above), with zjr (roughly proportional 
to the charge density about the ion) for most of the points in Fig. 5, it seems reasonable 
to conclude that a single structure such as M(X 2 H) Z (structure I, above) involving 
ionic bonds is fairly generally formed. There is, however, uncertainty about the stale 
of hydration of the extraction complex m many cases and of the effect of a change in 
hydration on relative extractibihty within a series While from steric considerations it 
is expected that MX^ complexes are not hydrated and it is known that UO z X 4 H, 


<«'P jR -' R , A * NG r and C F Coleman, J Phys. Chem 62, 129 (1958) 

E Nakamura, Bull Chem Soc Japan 34, 402 (1961). 

tW ® Weaver and D. E Horner, J Chem Engng. Data 5, No. 3, 260 (1960). 
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is not, there is little direct information available concerning the state of hydration of 
other MX 4 H 2 complexes and, especially, the MXjH complexes. Since in these latter 
complexes the cation coordination number is only two if the structure is M(X 2 H), 
hydration may well occur. It is known that at higher loading polymeric, highly hy¬ 
drated sodium-dialkylphosphate species are formed. In the (MX 2 H) 2 structure a 
co-ordination number of four may be sufficient that hydration does not occur, at least 
for the heavier alkaline earth ions. The observed low value of Mg 2+ (if it is an 
equilibrium value) and that for Be 2+ may denote the formation of a hydrated 
M(H 2 0 ) x (X 2 H) 2 species. 

Structure I yields a co-ordination number of only 4 for uranyl ion (not counting 
the uranyl oxygens) instead of the expected value of six. This led Kennedy* 23 * to pro¬ 
pose the following structure for U0 2 X 4 H 2 



From subsequent infra-red measurements on U0 2 X 4 H 2 (X = DBP) in carbon tetra¬ 
chloride, Kennedy and Deane* 24 ’ concluded, however, that this was probably in¬ 
correct. From their results they suggest, instead, that an entity 

O 

/ 

uo 2 

\ 


is present in which three dialkylphosphate anions are equivalently bonded The mode 
of combination of the remaining HX molecule and the proton is not specified. As 
noted above, the extractability of U0 2 2f (and Np0 2 2+ and PuO a 2+ ) is relatively high, 
possibly because of covalent bonding It may also be the result of a relatively more 
stable structure (such as III) in which a higher co-ordination number than four is 
achieved. 




5 Approach to saturation. The complex MX 2 z Hj occurs only in organic solutions 
in which there is sufficient excess of the dialkylphosphoric acid. With increasing 
loading it is often found that more of the metal cation is extracted than corresponds to 
this composition. Only two cases, namely, U0 2 2+ —HX* 20 * and Fe 3 ~— HX,* 6) have 
been examined sufficiently to permit identification of the new species formed. In the 
case of U0 2 a+ , evidence from the loading isotherm and from isopiestic measurements 
indicated chain polymer formation as follows, 

HX.fUO^H -v HX 2 (U0 2 )X 2 (U0 2 )X 2 H — HX 2 [(U0 2 )X 2 ] n (U0 2 )X 2 H 
J Kennedy, AERE/C/M-369 (1958). 

’ J Kennedy and A. M. Deane, J lnorg Nucl Chem 19,174 (1961). 

9 
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This process proceeds to a limiting composition U0 2 X 2 . There appeared to be no 
water or anion (C10 4 ~) extracted. In the case of Fe 3+ , the isotherm was more complex. 
Analysis of the organic phase indicated water and anion extraction and isopiestic 
evidence indicated polymerization. Besides FeX € H 3 (at low loadings) it appeared that 
at least two other complexes, 

[FejXgCClO^ • ca 5H 2 0] 4 

followed by 

Fe 5 X 8 (C10 4 )(0H) 8 ca 7H 2 0 

were formed as saturation is approached. The completely different behaviour of these 
two systems is striking and suggests that other equally interesting systems await 
investigation 

Peppard and co-workers noted 1151 in their work on extraction of the rare earths 
that precipitates of composition MX S were formed. In later infra-red studies 125 * they 
prepared a number of di(2-ethylhexyl) phosphate salts, including: KX, NaX, LiX, 
U0 2 Xjj, ScX 3 , ThX 4 , ZrX 4 , HfX 4 . In addition the following mixed nitrate salts were 
prepared- Hf(N0 3 )X 3 , Th(N 03 )X 3 , Ce 2 0(N0 3 ) 2 X 4 They concluded from their 
infra-red measurements that the nitrate ion is covalently bonded to the metal. Only in 
the case of Zr 4f and Hf 4 + was there evidence for covalent bonding of the phosphate 
It is of course possible that many of these salts in solution are associated and/or 
hydrated 

It has already been noted that the extraction of Th(IV) can be accompanied by 
anions 114 ’ at very low loadings Similar behaviour is perhaps to be expected in the 
extraction of other tetravalent ions, particularly in the presence of nitrate. At high 
concentrations, mineral acids are extracted by dialkylphosphonc acids 114 ’ in a manner 
analogous to the behaviour of tn(n-butyl) phosphate. Similarly the extraction of 
anions along with the metal cation quite often occurs at high aqueous acidities. 

6 Synergistic effect It was discovered by Schmitt 126 ’ that use of neutral organo- 
phosphates ((RO) 3 PO, (RO) 2 RPO, (RO)R 2 PO or R 3 PO) in combination with dialkyl- 
phosphoric acids results in a strong (synergistic) enhancement of uranium (VI) ex¬ 
traction. Upon further investigation by Blake et al , 127 ’ U0 2 2+ and Pu0 2 2+ were found 
to be the only ions (of a relatively small number tested) and dialkylphosphonc acids to 
be the only organophosphorous acids to produce this effect 

In general, a synergistic effect should result if two reagents, A and B, which separ¬ 
ately can extract an aqueous species M to form MA„ and MBj, (and if A and B do not 
react strongly with one another) can together form a mixed complex MA c B rf . The 
resulting extraction coefficient, E , is 


_ [MA„] + [MB,] + [MA^W, 


E = E a + £■„ + A£ (9) 

wherein E A and E B are the extraction coefficients expected for each reagent alone 

D F Peppard and J R. Ferraro, J Inor f Nucl Chem. 10, 275 (1959). 

> J. M Schmitt, reported by K B Brown, C F Coleman, D J. Crouse and A D Ryon, 
Progress Reports on Raw Materials, ORNL-2346 (1957) 

(17 ’C A Blake, D E Horner and J M Schmitt, Report ORNL-2259 (1959) 
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l 

The magnitude of the increase in extraction, A E is determined by the formation con¬ 


stant K ci 


[MA C P,] 
[A] c [B] d [M] aq ’ 


Ai-^JUAHBJ 1 


In addition, it can easily be shown that 


(3 log A£\ 

/3 tog A£\ 

\d log [B]/[ai ’ 

\3log [A]/ 


Three things are noteworthy here: 


( 10 ) 

i 

(H) 


(1) A synergistic effect does not necessarily imply that the mixed complex MA c B d 
is inherently more stable than MA a or MB;,, though its stability does determine 
the magnitude of the effect. 

(2) In examining extraction behaviour to characterize the mixed complex the varia¬ 
tion of AZT (not E) with [A] and [B], should be studied. 

(3) In such studies, low loadings of M are usually used and [A] and [B] are assumed 
equal to the total concentrations of A and B, respectively. If, however, A and 
B react with each other (as often happens) the concentration of free extractants 
will of course be lowered as a result. 


From their data, Blake et a/., <27) proposed the mixed complex was formed by 
simple addition of the neutral reagent B. 

U0 2 X 4 H 2 + B ^ U0 2 X 4 H 2 B (12) 

This reaction was suggested by the observed approximate second power dependence of 
E on [H 2 X 2 ] with [B] constant and by the shape of the loading isotherm. This showed 
a more pronounced flattening in the vicinity of a uranium(VI)-DEPA mole ratio of 
1 4 with [B] present than with [B] absent They noted also that direct reaction of H 2 X 2 
and B apparently occurred. Thus with increasing [B] at constant [H 2 X 2 ] the extraction 
coefficient rose to a maximum and then decreased. Such a reaction has been reported 
by Hardy and Scargill, <3) Baker and Baes, <28> and by Dyrssen. (2) It may be written 

H 2 X 2 + 2B^2XHB (13) 

Baker and Baes, ( 28) from infra-red and isopiestic measurements, also found evidence 
for a second interaction product 

H 2 X 2 + B ^ HX 2 HB (14) 

Thus a full interpretation of extraction behaviour in M 7+ -H 2 X 2 -B systems should in¬ 
clude at least three possible equilibria (Equations 12, 13 and 14) in addition to those 
which occur in separate M* + -H 2 X 2 and M J+ -B systems. In view of the number of 
possible reactions, the mixed complex proposed by Blake et al ., could not be con¬ 
clusively established. Dyrssen,* 291 from detailed measurements in the U0 2 2+ -DBP- 
IBP system proposed instead the monosubstituted mixed complex U0 2 X 3 HB 

U0 2 X 4 H 2 + B ^ U0 2 X 3 HB + |H 2 X 2 

H T Baker and C F Baes, Jr , Report ORNL-CF-58-5-93 (1958) (In Press). 

Jl D Dyrssen and L Kuca, Acta Chem Scand 14, 1945 (1960) 


( 15 ) 
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His treatment of the results did not include consideration of the reaction in Equation 
(14) In addition, because both DBP and TBP distribute appreciably to the aqueous 
phase the interpretation was involved and possibly not conclusive. Kennedy' 23 ) has 
argued that a disubstituted complex, U0 2 X 2 B 2 is the most reasonable because its forma¬ 
tion from U0 2 X 4 H 2 

UO„X 4 H 2 + 2B ^ U0 2 X a B 2 + H 2 X 2 (16) 


would be stabilized by the free energy of dimerization of the two HX molecules re¬ 
leased. Subsequently, Kennedy and Deane' 241 interpreted their infra-red studies of 
U0 2 a+ -DBP-tn(n-octyl) phosphine oxide solutions in carbon tetrachloride to indicate 
that both U0 2 X 2 B 2 and U0 2 X 3 HB are formed, the latter complex containing the same 
entity, U0 2 X 3 ~ (structure III, above) suggested by them to occur in U0 2 X 4 H 2 . Fur¬ 
ther investigation is needed, m the author’s opinion, to establish which of these pro¬ 
posed mixed complexes is the correct one 

Recently Irving and Eddington,' 30 ) investigating analogous systems in which the 
dialkyl phosphoric acid is replaced by TTA (thenoyl tnfluoroacetone), found strong 
synergistic effects m uranium (VI) extraction. Healy' 31) further has shown that here 
synergisism is a general effect, occurring in the extraction of alkaline earth, tnvalent 
lanthanide, trivalent actinide, and thorium (IV) ions as well as with uranyl ion. In his 
very extensive measurements, Healy found the mixed complex m every case to be an 
addition product 

M(TTA), + cB . -M(TTA) Z B C (17) 


In TTA systems the direct reaction between the acidic and neutral reagent is evidently 
less important than in the corresponding dialkylphosphoric acid systems. This weaker 
competing interaction may account for the generally larger and more widely occurring 
synergistic effects observed 

Perhaps the most interesting unanswered question is the manner in which the 
neutral reagent, B, is held in the mixed complex. Blake et a/., ,27) suggested that hydro¬ 
gen bonding was involved. While this is not yet ruled out m dialkylphosphoric acid 
systems, it cannot occur in TTA systems unless water molecules are present in the 
mixed complex From Healy’s results the equilibrium quotient for the above reaction 
(Equation 17) can be calculated, yielding bonding free energies in the range of 4-8 kcal 
per mole of B in M(TTA)jB c complexes. This is comparable to the range of variation 
found for the solvation free energy of MX 2 ,H 2 complexes (Fig. 3). In addition, 
Healy reports' 321 strong dependence of the synergistic effect in the choice of solvent, 
the order of decreasing effect being essentially the same as the order of increasing 
solvation free energy for MX 2z H z This tends to suggest that B is present as a solvate 
in the mixed complex. 

(3 "’H Irving and D N. Eddington, J Jnorg Nucl Chem 15,158 (1960) 

1,11 T V Healy, J Inorg Nucl Chem 19,314(1961) 

T. V Healy, J, I non; Nucl, Chem 19, 328 (1961). 
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EXTRACTION OF URANIUM FROM SOLUTIONS OF 
COMPLEX URANYLCARBONATE BY CETYL- 
DIMETHYL-BENZYL-AMMONIUM CHLORIDE* , 

M. T. SardiSa, R. F. Cellini and T. Batuecas Rodriguez 

Chemistry Division, Junta de Energia Nuclear, Madrid, Spam 

{Received 2i December 1961) 

Abstract—The behaviour of the cetyl-dimethyl-benzyl-ammonium chloride (CDMBA) in the 
extraction of uranium dissolved in a carbonate medium has been studied m laboratory scale 

The effect of a certain number of variables on the extraction factor has been determined The 
variables considered included. the amount and concentration of CDMBA, carbonate and bicarbonate 
concentrations, uranium concentration, temperature, contact time and variations in the composition 
of the diluent 

It has been found that, in the case of a uranium concentration of 1 g/1, the amount of uranium 
extracted in a single stage is as high as 94 4 per cent of the total if the concentration of CDMBA is 
0 034 M and as 98 per cent if CDMBA 0 050 M is used. 

The application of the liquid-liquid extraction process to solutions coming from 
alkaline leaching of uranium minerals is of interest; nevertheless, there is very little 
information on methods in which this process might be utilized. Clifford and co¬ 
workers' 1 > have studied the formation of the internal complex uranyloxiquinolate and 
its use in the extraction of uranium from carbonate solutions. Crouse and Brown ( 2) 
have reported an experiment in which uranium is extracted from alkaline solutions by 
dimethyl-didodecenyl-ammonium chloride and, later on,' 3) they describe the use of a 
trialkyl-methyl-ammonium chloride with the same purpose. 

It was proved in a series of preliminary experiments with extraction agents, that 
the alkyl-dimethyl-benzyl-ammomum chlorides (alkyl radicals C 12 to Qs) have 
characteristics which render them suitable for the extraction of uranium from alkaline 
solutions Consequently, extensive research has been carried out to establish the 
conditions for using them as extraction agents, cetyl-dimethyl-benzyl-ammonium 
chloride (CDMBA) being used as a prototype. In this report, the laboratory scale 
extraction as a function of the composition of the extraction agent is described. The 
effect of the variables • temperature, contact time and the volume ratio of both phases 
is studied, and the CDMBA saturation isotherms are given. 

EXTRACTION CONDITIONS AND ANALYTICAL METHODS 

The experiments were performed in 150 ml separation funnels by mixing 15 ml of organic phase 
with the same volume of aqueous phase After the phases had separated spontaneously and com¬ 
pletely, samples of both phases were taken and the amount of uranium determined by colorunetnc 
methods 1,1 Whenever the concentrations of uranium were lower than 0 05 g/1 a fluorimetnc method 

* Presented to the XXX11 Congress of Industrial Chemistry, 23-30 October 1960, Barcelona, 
Spam 

WE Clifford, P Noble and E P. Bullwinkel, J Amer Chem. Soc. 80, 2959-61 (1958). 

D -I Crouse, K B Brown, W D Arnold and others, Report ORNL-2099 (1956) 

^ D J Crouse. Private communication (1959) 

1 Rodden, Analytical Chemistry of the Manhattan Project, Vol. 8-1, p 93, McGraw-Hill, New 

York ( 1950 ) 
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was used ,S| The alkyl-dimethyl-benzyl chloride was determined by a photometric method on the 
compound which it forms with bromophenol blue ia) 

The following reagents have been used ■ cetyl-dimethyl-benzyl-ammonium chloride, trade mark 
“Leda”, pharmaceutical grade; normal octyl alcohol, trade marks “Schuchardt” and “Fiuka” 
technical grade, kerosene, 160-210°C fraction ' 

EXPERIMENTAL RESULTS 
Effect produced by the contents of octyl alcohol in the diluent 

It was proved that in order to get a mixture of CDMBA chloride using kerosene as 
diluent, it was sufficient to add a long chain alcohol. For that reason, the normal 
octyl was adopted, which, at the same time, helps avoiding the formation of emulsions 
The effect on the extraction factor produced by the addition of n-octyl alcohol was 
examined by measuring the extent of the extraction from two aqueous phases with 
different concentrations of uranium and organic phases in which the ratio CDMBA U 
was held constant. The concentration of n-octyi alcohol in the diluent was changed 
within the range 10-40 per cent v/v The results presented in Table 1 clearly prove 
that, for fixed quantities of CDMBA and U, the extraction factor decreases when the 
concentration of n-octyl alcohol increases. For this reason, in all the experiments 
reported in this paper, the amount of n-octyl alcohol used was the minimum necessary 
to maintain the CDMBA dissolved in kerosene. 


Table 1 —Effect of the concentration of n-ocm. alcohol in 
EXTRACTION OF URANIUM WITH CDMBA 
Aqueous Phase 1S g of free Na,CO,/l. 
Group (a) 0 958 g U/l. in aqueous phase and 20 4 g CDMBA/1 
Group(b) 0319g U/l w aqueous phase and 68gCDMBA/l 
Phase ratio 1 1 

____Contact time 5 mm at 18 3 C 


THE DILUENT ON THE 

in organic phase 
in organic phase 


% v/v of Octyl Alcohol 

in the organic phase Extracted 


(a) (b) (a) 

— 107 — 

120 - 973 

(5 3 97 1 

200 20 0 (97 2 ) 

25 3 25 3 9J 9 

20 0 30 0 95 4 

25 2 35 3 94 , 

40 0 40 0 92 6 


(b) 

(a) 

(b) 

95 3 

— 

20 3 

— 

35 4 

_ 

93 3 

33 1 

140 

906 

(24 2) 

96 

85 9 

23 8 

6 1 

80 4 

20 9 

4 1 

75-0 

160 

30 

67 7 

12 5 

2 I 


Effect of the total amount of CDMBA 

soluhtnf?vTmm adnU ISl SI ? lanty bCtWeen th£ extractlon of uranium from its acid 
allows to ex JTth tT ^ ° f that Uranium ^ weak base ion-exchangers"' 
wav to the i(rr>np h ^ qUater , nary amraon ium compounds would behave in a similar 
ay strong base ion-exchangers and accordingly they would extract through a 

p f' U S Geological Survey, CIRC 199 (1952) 

® p Colichman, Analyt Chem 19, 430 (1947) 

Conference on the Peaceful Uses ^ ^ herS ’ Pr ° ceedln g* of the Second International 

(1959). C ■> Atormc Energy, Geneva 1958, Vol 28, 278-88. United Nations 
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chemical process analogous to the one by which the uranium, in the form of uranyl- 
tncarbonate is extracted from alkaline solutions by ion-exchangers. (6) CDMBA, lie 
other long chain compounds of quaternary ammonium, would form, when in solution, 
ionic aggregates, micelles, which give place to species soluble in organic liquids. An 
organic solution of one of these aggregates behaves like an ion-exchanger, therefore, it 
will interchange antagonic ions with the uranyltricarbonate anion. If the micellar 
nature of the compound, formed by association of ions of CDMBA and uranyltri¬ 
carbonate, is admitted, then the effect produced by n-octyl alcohol is clear; the 
presence of this compound tends to avoid the condensation of ionic pairs, possibly by 
partly saturating the CDMBA bounds and by making the association in micelles more 
difficult. 

The equilibrium between the ions in the aqueous phase and the undissociated 
molecules in the organic phase, which is responsible for the uranium extraction by 
CDMBA, must correspond stoicheiometrically with the following equation 

4R 4 NC1 ( o, + U0 2 (C0 3 y- (R 4 N) 4 U0 2 (C0 3 ) 3 ( o, + 4C1- 

where R 4 NC1 = CDMBA chloride. 

Assuming that the law of mass action applies to such an equilibrium, then the ratio 
of the amount of uranium in the organic phase [chemical form (R 4 N) 4 U0 2 (C0 8 )a] to 
the uranium in the aqueous phase (as U0 2 (C0 3 ) 3 4- ) will depend essentially on the 
amount of R 4 NC1 dissolved in the organic phase, and on the concentration of Cl - 
anion from the quaternary ammonium compound, in the aqueous phase. The results 
given in Table 2 agree with the ones obtained from Equation (1), they express the 
variation of the extraction factor and the per cent extracted when the amount of 
CDMBA increases. It has been observed that an amount of CDMBA must be used 
such that the ratio “moles of CDMBA/moles of U” varies within the range 8-10. It 
can be deduced also that the percentage extracted is proportional to the amount of 
quaternary ammonium present m the organic phase; this fact seems to indicate that 
the activity coefficient of CDMBA remains constant instead of being proportional 
to its concentration in the organic phase, this being in good agreement with the 
hypothesis that the CDMBA forms micelles which constitute themselves a separate 
phase 

The results given in Table 2 also indicate that, for low concentrations, the ex¬ 
traction factor varies as the second power of the CDMBA concentration. When the 
free carbonate in the aqueous phase and the CDMBA chloride are brought together, 
they must react according to the equation 

2R 4 NCI ( o) + CO s 2- (R 4 N) 2 C0 3(0) + 2Cl - 

CDMBA remaining in the organic phase as a carbonate. It is for this reason that the 
factor of extraction of uranium should be proportional to the square of the con¬ 
centration of CDMBA, since 

2(R 4 N) 2 C0 3( o, + U0 2 (C0 3 V-^(R 4 N) 4 U0 2 (C0 3 ) 3(0 , -f 2CO s 2- 

At the same time, there must be a strong relationship between the uranium ex¬ 
traction factor and the amount of free carbonate in the aqueous phase. 

M Urgell, J A P£rez Bustamante, T Batuecas RodrIguez and others. Report JEN-52, 

Madrid (1959) 
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Effect produced by the ratio “organic volume .‘aqueous volume ” 

We have studied also the effect produced on the extraction of the uranium if, 
maintaining constant the amounts of the reagents, the volume of the organic phase 
changes. The results are shown in Table 3. When the volume of the organic decreases, 

Table 2 —Effect of the total amount of CDMBA on the extraction of uranium 
Aqueous phase 0 958 g U/l. and 15 g of free Na„CO a /l. 

Diluent kerosene with 25 per cent v/v of Octyl Alcohol 
Ratio of phases. 1 1 
Contact time 5 mm at 20°C 


CDMBA 

(mg) 

CDMBA moles U moles 

% Extracted 

E a ' 

0 

0 

— 

— 

50 

2 

23 1 

03 

too 

4 

54 5 

1-2 

125 

5 

68'9 

1 9 

150 

6 

75 6 

3 1 

250 

10 

96 2 

25 6 

300 

12 

98 1 

52 1 

350 

14 

98 2 

56 0 

450 

18 

98 9 

91 3 

600 

24 

99 2 

134 5 

750 

30 

>99 99 

>2000 


the extraction factor, as expected, increases, but this increase is faster than the one 
corresponding to the variation of volume, so that the total amount of uranium ex¬ 
tracted increases as well. Therefore, a fixed quantity of CDMBA-n-Octyl Alcohol 
extracts the more uranium the smaller the volume in which it is dissolved. 

Table 3 —Effect of CDMBA-octyl alcohol concentrations in kerosene on the 

extraction of uranium 

Aqueous phase 1 g U/l and 15 g of free Na a CO,/l 
Tola! amount of CDMBA 200 mg 

_ Contact time 5 min at 21 5"C _ 

CDMBA molar concentration Organic vol aqueous vol Extracted E a 


0 097 

1 3 

93 3 

42 2 

0 048 

2 3 

91 9 

170 

0 032 

1 1 

904 

94 

0016 

2 1 

87 2 

34 


Table 4 —Effect of free carbonate concentration on the extraction of uranium 
with 14 g/1 of CDMBA in kerosene with 7 per cent v/v of N-octyl alcohol 
Aqueous phase 1 g/U/1 
Ratio of phases 1 1 

__ Contact time 5 mm at 18 C 


Free carbonate 
at start (M) 


Initial pH 


% Extracted 


e; 


001 

1060 

0 08 

10 90 

0 48 

11 20 

100 

11 24 


>99 9 >1000 

97 8 44 7 

67 4 2T 

40 6 0 68 
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Effect of the concentration of free carbonate and bicarbonate 

To study the effect produced by the free carbonate in the aqueous phase, we have 
used aqueous solutions with 1 g of U/l. without bicarbonate, and with concentrations 
m free carbonate within the range 0-01-1 -00 M. In Table 4 it is shown that there is a 
strong relationship between the extraction factor and the concentration in free 
carbonate. If the initial concentration m free carbonate , decreases to 0-01 M, the 
uranium extraction is practically complete. 

Test showing the effects produced by carbonate, that is free from uranyltricar- 
bonate, on CDMBA, confirm that the carbonate anion passes to the organic phase. 

The importance of the presence of bicarbonate becomes quite clear from the results 
given in Table 5. When the relative amount of bicarbonate increases, a point is 
reached at which the uranyl complex is not exclusively uranyltncarbonate, there being 
also present products from hydrolysis. It is because of the presence of such products 
that the extraction factor decreases. 

Table 5 —Effect of the ratio carbonate bicarbonate, being constant the 

CONCENTRATION OF TOTAL CARBONATE, ON THE EXTRACTION OF URANIUM WITH 
14 g/1. OF CDMBA IN KEROSENE WITH 7 PER CENT v/v OF N-OCTYL ALCOHOL 


Aqueous phase. 0 958 g U/l 
Ratio of phases 1.1 
Contact time 5 min at I8°C 


Free 

carbonate 
at start 
(M) 

Free 

bicarbonate 
at start 
(M) 

Carbonate. bicarbonate 
(M M) 

pH 

initial 

% 

Extracted 

E ° 

0 016 


0 083 

8 61 

405 

0-68 

0 197 


0 668 

9 49 

51 2 

105 

0 423 


7 293 

10 25 

68 2 

2 14 


Effect of pH 

The results obtained by changing the concentration of free carbonate, without 
bicarbonate, and the effects caused by the different ratios carbonate.bicarbonate, do 




Uqu«ous phase lg U/l and 15g free NojCOj/t) (Aqueous phase 92gU/l and15g tree NojCO,/!) 

Fig 1 — Isotherms of uranium extraction 
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not indicate a direct effect of the pH on the extraction; the pH seems to act only 
through the ratio carbonate. bicarbonate in the aqueous phase. 

Extraction isotherms 

Fig. 1 shows three examples of saturation of CDMBA with uranyltricarbonate. 
In each case 15 ml of organic phase were treated successively with portions of 15 ml 
of fresh aqueous phase, until equilibrium was established. From the normal shape of 
these isotherms it is concluded that the organic complex is a monomer with respect to 
the uranium By exploring the two isotherms corresponding to the same concentration 
of CDMBA in the organic phase, it is deduced that the more diluted the uranium the 
more complete its extraction; this result is completely logic because the less uranium 
present the bigger the amount of free CDMBA. The final point on each curve 
corresponds to the organic phase saturated with uranium and m equilibrium with the 
aqueous phase; when the concentration of CDMBA is higher the uranium contents 
of the organic phase at saturation is also higher; thus, the maximum concentration 
of uranium in the organic solvent is directly proportional to the concentration of 
CDMBA and therefore it is possible to obtain a uranium saturated organic phase 
even by using very diluted feeding solutions 

The saturation value of CDMBA on each isotherm corresponds to the association 
of a fixed number of moles of quaternary ammonium with each mole of uranium, so 
that the quaternary ammonium is completely bounded and cannot extract more 
uranium. For the three isotherms the saturation is reached with about four moles or 
ammonium for each mole of uranium. The saturation values given in Table 6 are in 
good agreement with the stoicheiometric laws governing the proposed chemical re¬ 
action. 


Table 6—Effect of thf uranium and CDMBA concentration on the 
SATURATION VALUE OF CDMBA 
Ratio of phases I 1 
Contact time 5 min at l^C 


Initial g U/l 
in the aqueous phase 

Initial g CDMBA/I 
in the organic phase 

CDMBA moles U moles in 
the saturated organic phase 

1 0 

14 

4 47 

1 0 

40 

4 80 

92 

14 

4 79 


Effect of the diluent 

Table 7 shows the results obtained from the extraction of an aqueous solution 
with the same amount of CDMBA in four different diluents, the n-octyl alcohol 
contents of all of them was 7 per cent v/v The highest extraction is obtained with 
benzene; the lowest value obtained in these tests correspond to the chloroform 
Nevertheless, the advantages obtained by using benzene do not compensate the 
difficulties of handling it and the drawback of its higher cost. 

The effect of the contact time 

In relation to the effect of the contact time between the phases on the extraction ol 
uranium, it must be noted the high rate of uranium transfer. Table 8 shows the results 
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Table 7.— Effect of the diluent on the extraction of uranium with 
14 g/1 CDMBA AND 7 PER CENT v/v OF n*OCTYL ALCOHOL 
Aqueous phase: 1 g U/l. and 15 g of free Na,CO,/l. 

Ratio of phases 1:1 
Contact time: 5 mm at 21 °C 


Diluent 

% Extracted 

e : 

Kerosene 160-2KTC 

92 9 

13-2 " . 

White spurt 140-160 C 

93-8 

15 3 

Benzene 

94 9 

18-5 

Chloroform 

66 1 

1 95 


obtained from extractions performed with the same aqueous and organic phases and 
different contact time. The equilibrium is obtained after 10 sec of shaking; longer 
times do not appreciably increase the degree of extraction. 


Table 8 —Effect of the contact time on the extraction of uranium with a 
SOLUTION OF 14 g/1. CDMBA IN KEROSENE 7 PER CENT v/v OF n-OCTYL alcohol 
Aqueous phase: 1 g U/l and 15 g free Na a CO,/l. 

Ratio of phases 1 1 1 
Temperature 21 °C 


Contact time 

% Extracted 

E.° 

10 sec 

94 9 

18 8 

20 sec 

94 6 

17 5 

1 min 

94 4 

170 

31 min 

94 6 

174 


Effect of the temperature 

A temperature increase does not produce a marked effect on the extraction. A 
temperature increase from 16 to 32°C produces only a decrease of a 3 per cent in the 
extraction. This fact is explained because the solubility of CDMBA in the aqueous 
phase increases. Nevertheless, extraction of uranium at 60°C is still high. Table 9 
gives the results. 

Table 9 —Effect of the temperature on the extraction of uranium with a 
SOLUTION OF 14 g/1. CDMBA IN KEROSENE 7 PER CENT v/v OF n-OCTYL ALCOHOL 
Aqueous phase 1 g U/l and 15 g free Na,C0 3 /l 
Ratio of phases 1 1 
Contact time 5 min 



Temperature 

CC) 

% Extracted 

E ° 

*-a 


16 

97 7 

43 0 


32 

94 5 

17 1 


60 

94 0 

157 


Other tests 


Finally, the amount of CDMBA lost by transfer to the aqueous phase in each step 
of extraction, at normalized conditions, has proved to be smaller than 0-048 g/1. 
equivalent to 0-34 per cent of the initial CDMBA. 
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Experiments have been started to recuperate the extraction solvent and to re- 
extract the uranium. Preliminary tests seem to indicate that the sulphuric and nitric 
acids, as well as some of their salts, are promising. 

Emulsion formation 

Along the reported work, it was observed that, in some cases, there was a strong 
tendency toward the formation of a stable emulsion within the organic and aqueous 
phases Since the elimination of such emulsions offers a great interest, it has been 
determined not only the effect of the studied variables on the extraction factor but 
also the influence of each one of these variables on the separation time of phases has 
been analysed. 

The results show that within the experimented range, the pH has no effect on the 
phases separation time and that the contact time, if shaking is not violent, only 
produces weak variations in the separation time The tendency of a phase to disperse 
into the other is modified by changing the ratio organic volume/aqueous volume; 
within certain limits it is convenient that the volume of the organic phase be smaller 
than that of the aqueous one On the other hand, if the temperature increases the 
separation time decreases notably. The separation time can also be modified by 
changing the type of diluent 

The concentration of CDMBA not bounded to the uranyltncarbonate is decisive 
and must not be above a certain limit if the formation of emulsions is to be avoided, 
as a consequence, it is very important to control the concentration of free carbonate 
in the aqueous phase and that of the n-octyl alcohol in the kerosene. And above all, 
the intensity of shaking is of capital importance, if it is very small, the separation time 
of the phases can be small without altering the value of the extraction factor. On the 
contrary, if the separation time is lowered by changing the temperature or the diluent, 
then the value of E a ° also goes down 

CONCLUSIONS 

The CDMBA is an efficient solvent in the extraction of the uranium contents m 
solutions of alkaline carbonates Within the parameters which define the extraction 
conditions it is of great interest the concentration of free carbonate, decreasing that 
concentration the efficiency of the extraction is increased substantially It is re¬ 
markable the high rate of transfer of uranium when extracted with CDMBA 

In the extraction conditions adopted in the laboratory, i e. without active shaking, 
using an aqueous phase with 1 g U/I and 15 g free Na 2 C0 3 /l and an organic phase 
made out of 14 g/J CDMBA in kerosene and 7 per cent v/v n-octyl alcohol, the 
separation time of the phase is less than 5 min at 20°C and it is possible to extract 94 4 
per cent of the total uranium m one single contact. 
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EXTRACTIONS FROM HCL—I 

ADIPONITRILE AS AN EXTRACTION SOLVENT* 

G. W. Latimer, jR.f and N. H. FurImanJ 
Contribution from the Frick Chemical Laboratory, Princeton University 
Princeton, N J. 

(Received 10 January 1961 , in revised form 8 February 1962) 

Abstract—Adiponitrile, 1-4 butane dinitrile, extracts both Fe(III) and Mo(VI) from aqueous hydro¬ 
chloric acid The extraction curves for this system generally follow the extraction curves for the same 
metals in ether systems 

The empirical formulae for the species extracted by adiponitrile are (HFeCl,)« and (HMoO»CI s )n. 
Adiponitrile also extracts these metal ions from chloride salt solutions containing only enough 
acid to prevent hydrolysis The salting order for Fe(IIJ) is Li Na > NH, > Ca and for Mo(VI) is 
Li re Na % Ca r* N H, 

Despite experiments demonstrating that compounds other than those containing 
oxygen could extract metal complexes of the type HMX,, 111 no systematic study of 
any of these compounds has been published. The data available indicate that in systems 
containing hydrocarbons or their chlorinated derivatives the distribution of the 
complex greatly favours the aqueous phase.' 2 ’ Benzomtrile, however, extracts a 
number of metal ions quite effectively from 7 M HCI <13) 

Adiponitrile, 1-4 butane dinitrile, also extracts metal ions from aqueous acid.' 4 ’ 
This paper describes the behaviour of Fe(III) and Mo(VI) in the system HCI- 
adipomtrile and in similar systems containing chloride salts. 

EXPERIMENTAL 

1 Materials and solutions 

Adiponitrile (ADN), Eastman White Label, was used without further purification The m p. of 
this commercial material was 1-3 C, n t M was 1 4382 The corresponding literature values are l' C <M 
and 1 4380 ,r '’ 

All of the other chemicals and solvents used were of analytical reagent grade 
The stock solutions of metals were prepared by weighing out sufficient FeCi s 6H t O and ammonium 
molybdate to give two litres each of a solution approximately 0 20 M in metal ion The Fe(HI) was 
0 20 M in HCI and the ammonium molybdate 0 025 M m NaOH 

The cupferron solution was 6 per cent w/v The reagent was kept cold when not in use. 

The necessary solutions of hydrochloric acid were prepared by diluting known amounts of HCI 
to one litre and standardizing the resulting solutions against NaOH 

Salt solutions were prepared by dissolving weighted amounts of the appropriate chloride in one 
litre of water The resulting solutions were analysed for both the cation and for chloride 

* This paper represents part of the work submitted by G W Latimer, Jr to the Graduate 
School of Princeton University in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy 

t Present address: Pittsburgh Plate Glass Chemical Division, Corpus Chnsti, Texas 
t Present address Department of Chemistry, Wake Forest 
[1 ’ H L Friedman, J /Inter Chem Soc 74, 5 (1952) 

( '‘ M Mori and R Tsuchiya, Nippon Kagaku Zasshi 77, 1525 (1956) 

U1 A G Gobel and A G Maddock, J Inorg Nucl Chem 7, 94(1958). 

;;;g Latimfr and N H Furman, Unpublished work (1960) 

(195^'* H an db°°h of Chemistry and Physics, 8 th ed , Handbook Publishers Inc , Sandusky, Ohio 

101 V. V Korshak and I I Pokhomov, J Appl Chem (USSR) 14, 632 (1941). 
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2. Apparatus 

The extractions were done in 125 ml separatory funnels possessing short stems carefully shaped 


*° ^Spectra were taken on a Warren Spectracord using 1 cm quartz cuvettes. 

Conductometric data were taken using a Serfass Model RCM15 conductance bridge. 


3. Preparation of the extraction curves 

Five ml of metal stock solution, 15 ml of hydrochloric acid of known strength, and 20 ml of 
ADN were shaken vigorously at room temperature (21-22°C) in 125 ml separatory funnels Although 
equilibrium was reached in less than a minute, agitation was carried out for five, then the phases 
were permitted to separate Each phase was analysed in its entirety; in all cases, the mass balance 

was at least 99 5 per cent of that added 

A similar procedure was used to study the extraction of hydrochloric acid by ADN except that 
5 ml of water was substituted for the metal stock solution In one set of experiments the ADN was 
titrated conductometrically with sodium hydroxide, in a duplicate set, the ADN was analysed for 
chloride The hydrochloric acid content calculated from the two sets of analyses was within experi¬ 
mental error 

4 Formula of the extractable species 

To define the empirical formula of the species extracted by the organic phase, four variables must 
be known (a) the number of moles of the metal ion present, (b) the number of moles of the chloride 
present, (c) the total number of moles of acid present, and (d) the number of moles of acid which 
distribute independently of the extractable complex 

Determination of the metal ion and of chloride ion is straightforward, but determination of acid in 
the presence of easily hydrolysed metals ions is not 

Traditionally, the acid present is titrated with standard base Since some base will be consumed 
in precipitating a metal hydroxide rather than in titrating the acid present, the amount of base required 
to precipitate a stoicheiometric metallic hydroxide is deducted from the total litre The amount of 
acid which distributes independently of the metal is determined m a separate set of experiments The 
difference between these two values represents the acid associated with the metal complex 

Recently, methods which require no assumptions concerning the composition of a metallic hy¬ 
droxide have been developed for the determination of acid in the presence of hydrolysable cations 17 81 
The method developed by David and Furman involving conductometric titration of the acid with 
cupferron" 1 was used for the determinations 

A known amount of metal ion was extracted from hydrochloric acid of such strength that the 
maximum amount of metal ion would be extracted (this HCI value was determined from the previously 
established extraction curves) by shaking with ADN The phases were permitted to separate, the 
aqueous phase was withdrawn and discarded The ADN was centrifuged and three 5 00 ml aliquots 
were taken One aliquot was added to 150 ml of water and titrated conductometrically with 6 per 
cent cupferron solution Of the two remaining 5 ml aliquots, one was analysed for chloride using a 
modified Volhard procedure, while the other was analysed for the metal ion The amount of acid 
which distributes independently of the metal ion was found in a separate determination by conducto¬ 
metric titration with standard base 


5. Salting effects 

To study the effect of different salts on the extraction of these metal ions, extractions were per¬ 
formed in which hydrochloric acid was replaced by an equivalent amount of a metal chloride-lithium, 
ammonium, sodium, or calcium chloride Enough acid was present to prevent hydrolysis 
In all other respects the procedure described m section 2 was followed 


RESULTS AND DISCUSSION 
1. The nature of the extraction curves 

Both the basicity of an electron donor and the relative binding energy of its addition 
complexes decrease with increasing ionization potential (10) While the ionization 

Miller and P F Thomason, Analyt Chem 31, 1498 (1959) 

G L. Booman, et a !, Analyt Chem. 30, 284 (1958) 

} c David, Thesis, Princeton University (1951) 
u< " G J Janz and S S Danyluck, Chem Revs 60,209 (1960) 
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potential of ADN has not been measured, the values for nitriles are high—acetonitrile 
being 11-96 eV m) . Although the value for ADN should be lower than that for 
acetonitrile because of the increased inductive effects of the methylene groups as 
contrasted to the single methyl present in acetonitrile and because of the presence of 
two functional groups in the molecule, the value should not be comparable to that of 
diethyl ether (9-7-10-2 eV). Thus, under comparable conditions of acidity, ethers 
should be capable of extracting more of an ion-pair complex than ADN. That this 
is not the case is apparent from the extraction curves (Fig. 1 and 2): in the region 
1-5 M HC1, ADN extracts significantly more Fe(III) than diethyl or diisopropyl ether 
and more Mo(VI) than diethyl ether from solutions of equivalent acidity. 



INITIAL AQUEOUS HCL CONCENTRATION 
(MOLIi/uTOO 

Fig 1 —The extraction of iron from aqueous HC1. 

O with ADIS 
O with diethyl ether 11 " 

• with diisopropyl ether. 11 " 

The ADN system shows no tendency to form a three phase system so characteristic 
of systems involving diisopropyl ethe^. (12 " u, In this respect it behaves more like the 
analogous diethyl ether systems. 

'"’ G J Janz and S S Danyluck,/. Amer Chem Soc. 81, 3846 (1959). 

Morrison and H Freiser, Solvent Extraction in Analytical Chemistry, J Wiley, New York 

hi A ^ Laurene.D.E Campbell,S.E WtLBERLYandH M.Clark,/ Phys.Chem 60,901(1956). 
11 R W Dodson, G J Forney and E H. Swiet, /. Amer Chem Soc 58, 2573 (1936). 
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In other respects, however, the extraction curves for this system follow the classic 
pattern already established for many other systems: the extraction of the metal ion 
increases with increasing acid concentration to a maximum value; beyond this value 
the extraction decreases. 



INITIAL AQUEOUS HCL CONCENTRATION 

(UOLCS/uTC«) 

Fig 2 —The extraction of Mo(Vl) from aqueous HC1 
O with ADN 

O with diethyl ether (calcd from Reference 19) 

Attempts have been made to reduce extraction behaviour to a set of mathematical 
formulae. 112,15161 While reasonably accurate at low concentrations of acid, no-one has 
been capable of explaining the decrease in extraction which occurs above a certain HC1 
value. To account for this behaviour, the equations require the inclusion of terms 
which correspond physically to the formation in the aqueous phase of complexes 
greater than any wfuch have been shown to exist. 

Since repeated attempts to find complexes of this type have failed, (1,17) other 
physical processes not capable of direct mathematical treatment have been examined 
in an attempt to explain the behaviour of the curves. If the equilibrium HCl value is 
plotted as a function of the initial aqueous HCl concentration, the equilibrium value 
for many systems including diethyl and dusopropyl ether passes through a maximum 

(16 ’H Irving, F J C Rossotti, R J P Williams, / Chem Soc 1906(1955). 

11,1 R E Diamond, / Phys Chem 61,69(1957) 

(17) Y Marcus,/ Inorg Nucl Chem 12,287 (1960). 
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describing a curve very similar to that of the metal ion (Fig. 3). These data suggest 
that the decrease in the concentration of the acid and of the chloride in the aqueous 
phase is one reason for the decrease in the extraction of the metal. (18,19> The equilibrium 
aqueous HC1 values for the ADN system exhibit the same behaviour (Fig. 3). If the 
extraction curves for the ADN-HC1 system and the ether-HCl systems are compared 



INITIAL AQUEOUS HCL CONCENTRATION 
(Molo/utc* 

Flo 3 — Equilibrium HCI concentration as a function of the initial HC1 concentration 

O-ADN 

G-diethyi ether 11 ” 

#-dnsopropyl ether 11 ” 

with the corresponding ADN-HCl-metal ion and the ether-HCl-metal ion systems 
(Fig 3), these facts are evident 

(a) In ether systems, the extraction curves for both metal ions and for the 
equilibrium aqueous HCI value pass through maxima at approximately the same 
concentration of HCI 

(b) In the ADN system the extraction curves for both metal ions reach their 
maximum values before the maximum equilibrium HCI value is reached: indeed, the 
amount of Mo(VI) extracted has passed through its maximum and decreased 
significantly. 

(c) Although the maximum aqueous HCI concentration in the ADN system is 
low-er than in the diethyl ether, the ADN is a significantly better system for the 
extraction of Mo(Vl) 

Similar studies made with V(V) show an effect opposite to that described in case (b). 
in this instance the extraction of vanadium continue to increase even though the 
maximum aqueous HCI concentration has been reached, (4 > 141 

All of these results are in accord with previous investigations which conclude that 

0 E Metzler and R. J Meyers, / Amer Chem Soc 11, 3774(1950) 

1 1 Nelidow and R. E. Diamond, /. Phys . Chem 59, 710 (1955). 
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INITIAL AQUEOUS HCL CONCENTRATION 
Ojolci/utu) 

Fig 4 —The extraction of HC1 by ADN. 




INITIAL AQUEOUS HCL CONCENTRATION 

(Voces J urtiQ 

Fig 5 —The volume of the aqueous HC1 phase as a function of the initial 
HC1 concentration 


there is no correlation between the maximum acid concentration attainable and its 
ability to extract metal complexes of the type HMX 4 . (20) 

2. The extraction of hydrochloric acid by ADN 

When concentrated hydrochloric acid (> 1 M) is shaken with ADN, the system 
becomes noticeably cooler although there is little change in the volume of the system 
The amount of HCI extracted by the ADN increases exponentially with the 
concentration of acid (Fig. 4a and b). An interesting corollary is that the volume 
solubility of ADN in aqueous HCI also increases exponentially (Fig. 5a and b). The 

< ‘ <, » H Irving and F J. C. Rossom, J Chem. Soc., 1946 (1955). 
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system is miscible above 8-5 M HC1. The breaks in the slopes (Fig. 4b and 5b) appear 
to be real and not experimental error. An investigation is to be made of their 
significance. 

There was some question whether the extremely acid conditions would induce 
hydrolysis of ADN to adipic acid. It was for this reason that the titrations of the 
ADN-HC1 extracts which were used to establish the extraction curve in Fig. 4a were 
done conductometrically. In no case was there any indication that a weak acid was 
present. The close equivalence between the results for hydrogen ion and the chloride 
further substantiates this fact. 

3 Nature of the extracted species 

The formulae of the species extracted by ADN are given in Table 1. The empirical 
formula for the iron complex is in agreement with previously reported values 
that for Mo(VI) agrees with that found by ZHAROVst!!/ 221 

Table 1 —Analysis of the adiponitrile extracts 


Ratio 


System 

(mmole)H + 

(mmole)Metal ion 

(mmole)Chloride 

H Metal Cl 

Fe(l 11)-ADN 

0 13 

0 122 

0 461 

1110 3-8 


0 10 

0 123 

0 462 

0 82.1-0 3 6 


013 

0 123 

0 482 

10 10 39 


009 

0 120 

0-460 

0 75.1 0:3-8 

Mo(Vl)-ADN 

0 10 

0-077 

0 229 

1 3 1-0 3 0 


0 07 

0 081 

0 225 

0910 28 


009 

0 082 

0 222 

11 10 27 


0 07 

0 083 

0 227 

0 9 1 0 2-8 


Since the available evidence indicates that HFeCl 4 is polymerized above 10' 3 , (23) 
spectra of ADN systems containing Fe(III) concentrations above and below this value 
were taken. 

Although the solutions were diluted to approximately the same final concentration 
(10 _4 M), the spectra of extracts from systems in which the initial aqueous iron 
concentration was less than 10~ 3 M yielded absorption curves similar to that obtained 
under comparable conditions in ether solutions 1241 (Fig. 6a) while the spectra in which 
the initial iron concentrations were greater than 10 -3 M were considerably different 
(Fig 6bcd) The latter solutions yielded the typical HFeCl 4 spectrum only after some 
time (Fig. 6c) suggesting that this complex was not merely an ion-pair cluster, but a 
true polymer and that the rate of depolymerization (HFeCl 4 )„ -> nHFeCl 4 was 
relatively slow. Depolymenzation is accelerated by acid (Fig. 6d). 

Despite agreement between our results and those obtained by Zharovskh for the 
formula of the extractable molybdenum species, the exceedingly complex nature of 
acidified molybdenum solutions and the difficulties in analysis of the solution make 
generalization precarious. The chloride value for iron has been known to vary from 
3 5 to 5-4 depending upon the concentration of acid in the system ; <21) there is no 
reason to believe that this could not be the case with Mo(VI). This simple fact may 
explain the discrepancy between these results and those of Diamond. 

,J1 B V Nekravsov and V V Ovsyankina, J, Gen. Chem. (USSR) 11, 573 (1941) 

/’ F G Zharovskh, Zh. Neorg Khim 2, 623 (1957). Chem Ahstr 51, 17345g 

** J Meyers, D. E. Metzler and E. H. Swift, J. Amer Chem Soc. 72, 3767 (1955). 

D F Metzler and Meyers, J Amer Chem, Soc. 72, 3776 (1955). 
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b Spectrum of ADN extract 1 9 y 10' 4 M in Fe(IlI) (Aqueous solution extracted 
was 1 9 x 10'* M in Fe(lII) and 60Min HCI This ADN extract was diluted 100 
fold with ADN) 

c Spectrum of ADN extract (b) after three weeks 
d. Spectrum of ADN extract (b) after shaking with 6 0 M HCI 

This formula is not without other verification’ a compound having the formula 
Mo 0 2 CI 2 -HC1 has been prepared as well as salts of the type KMo0 2 Cl 3 -H 2 0. (25 2UI 

4. The influence of salts on the ADN-HCl-meta/ ion system 

The salt effects exhibited in these systems (Table 2) differ from those which would 
have been predicted according to the rule enunciated by Morrison that at equivalent 
anion concentrations the cation with the greatest valence should show the largest 
effect 1271 

For the Fe(III) system the amount of Fe extracted decreases going from LiCl to 
NH 4 C1. This decrease in extraction is paralleled by a decrease in the order of 
hydration. ,28) The near equivalence of H s O + and Li + is not particularly surprising 
considering that their aqueous activities are very nearly alike. <17 ' M) The position of 

1811 J W Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol 9, pp 672- 
633 Longmans, Green, New York (1931). 

(am N v Sidgewick, The Chemical Elements and Their Compounds, Vol 1 and 2. Clarendon, Oxford 
(1950) 

<a71 G Morrison, Analyt Chem. 22, 1388 (1950) 

<a!l R M Diamond, J Phys. Chem 63, 659 (1959) 
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Table 2.—The effect of chloride salts on the 

EXTRACTION OF METAL IONS BY ADIPONITRILE 


Per cent Extracted 

Salt FedlD-ADN* Mo(VI)-ADNt 


HC1 

99 1 

90J 

LiCl 

96 

95 

NaCl 

88 

97 

NH.Cl 

75 

79 

CaCI, 

62 

91 


* Solution 3 89 M in chloride and 0 05 M in H + . 
t Solution 4'90 M in chloride and 1 90 M in H + . 
t Values calculated from the extraction curves 
(Figs. 1 and 2) 

the Ca 2+ in order of effectiveness is the more interesting particularly since the hydration 
numbers of Ca 2+ and Li + are similar and somewhat greater than Na + . (30) The fact that 
the distribution of the Fe(lll) complex is not as dependent upon acid concentration as 
upon the chloride may indicate that (HFeCl 4 )n is not a strong acid in every extraction 
system 

The Mo(Vl)-ADN system presents a more complicated picture. The apparent 
difference between the effectiveness of LiCl and NaCl is within the experimental error, 
but NH 4 C1 is obviously an inferior agent for salting out the Mo(VI). The real problem 
is why HC1 is inferior to NaCl, LiCl, and, possibly, CaCl 2 . Although the addition of 
salt decreases the solubility of ADN in the aqueous phase, the solubility of the two 
phases is so slight at 1-90 M HC1 that the equilibrium HC1 value is not substantially 
different from the initial value (Fig 3) Two other explanations are more probable: 

(1) Decreasing the acid strength by substituting a salt for the acid frees solvent 
molecules which have co-ordinated with hydrogen ion for co-ordination with the 
extracted species.' 28 ' This would increase the extraction of Mo(Vl) 

(2) HMo0 2 C1 3 is probably a weak acid; therefore, the distribution of the complex 
is not so dependent upon the acid concentration This view is supported by literature 
describing its structure as MoO(OH)C 1 3 's 5 ’ 21 *' 

The nature of these salting effects is not yet understood despite some attempts at 
suggesting generally comprehensive theories." 6 281 Diamond suggests that strong acids 
extract better than their salts when oxygenated solvents are being considered. From 
the evidence offered, a more comprehensive statement might be that any acidic species 
either strong or weak extracts better than its corresponding salt when Lewis base 
solvents are used. Salts effect the extraction of a complex far more by the addition of 
an ion in common with the extractable species, by alteration of the structure of the 
aqueous phase, <17) and by the amount of water which they make available to the 
distributing species than by any intrinsic tendency to form a different extractable 
complex. 
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Abstract—The temperature range diagrams of liquid Pb and Ag are constructed from experimental 
density data, from their melting points to their normal boiling points, the law of rectilinear diameter 
and the theorem of corresponding states From these diagrams or the equations on which they are 
based, the critical constants are estimated as follows: 



For Pb 

For Ag 

T, (°K) 

5400 

7500 

D c (g/cm 3 ) 

22 

1 85 

V c (em'/g atom) 

94 

58 3 

P, (atm) 

850 

(5000) 


Liquid densities below the critical range can be calculated with much greater reliability and are as 
follows’ 


7TK) 

Pb 

A g 

2024 

8 801 

— 

2500 

8 167 

8 197 

3000 

7 488 

7 741 

3500 

6 786 

7 276 

4000 

6 061 

6 795 

4500 

5 313 

6 295 

5000 

— 

5 771 

5500 

— 

5 223 

6000 

— 

4 652 

6500 

— 

4 060 


It was shown recently* 121 that the critical constants of metals could be estimated 
consistently by two independent semi-empirical methods. 

Of all the known eighty metals, mercury is the only one whose critical constants 
have been determined experimentally 

(T c = 1733°K; P c = 1587 ± 50 atm, D c = 4-70 ± 0-20 g/cm s ). 

It was demonstrated that mercury, like all other thermally stable liquids, follows the 
law of Cailletet and Mathias or the law of rectilinear diameter. (I,2) The average 
density of liquid mercury and its saturated vapour, i.e. \{D X Z>„), is a straight line 
function of temperature This is the basis of the first method. A liquid range diagram 
of the metal obtained by plotting or calculating the experimental liquid density and 

* This research was supported in part by Grant 15540 of the National Science FoundaUon. 

2 A V Grosse, J lnorg Nucl Chem. 22, 23 (1961). 

A V Grosse, ‘‘The Liquid Range of Metals and Some of Their Physical Properties at High 

Temperatures,” Research Institute of Temple University, Sept. 5, I960 
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the ideal vapour density vs. temperature. The maximum possible critical temperature 
(and the minimum critical density) is the point where the ideal vapour density crosses 
the rectilinear diameter. Actually, the real vapour density is always greater than the 
ideal so that the real critical temperature is lower than the one obtained in the above 
manner The lower limit of the critical temperature (and conversely the maximum 
critical density) is set by the fact that the real saturated vapour density has to approach 
the liquid density near T c 

The second method is based on the theorem of corresponding states. The theorem 
requires that at corresponding or reduced temperatures, i.e. T red — TjT L ., liquid 
metals have the same entropy of vaporization, 

AS vap = A// vap /r 

So far the entropy vs. T function has been established experimentally only for one 
metal—mercury (1 - 2) Since the heats of vaporization of nearly all metals are known 
at their normal boiling points, or can be reliably extrapolated, (3) one can estimate 
from the mercury curve and the AS value at the temperature T the reduced temperature, 
and thus the critical temperature, of any metal Critical temperatures of about 15 
metals, together with their AS, sp , and other data were given before;' 121 the critical 
temperatures range from 1733°K for mercury to about 23,000 K for tungsten 

In two recent experimental investigations the liquid densities of lead' 4 ’ and silver' 51 
were determined over a much wider temperature range than heretofore, namely, 
from their melting points (600 6° and 1234 0°K, respectively) up to their normal 
boiling points (2024° and 2450°K, respectively) The densities are straight line 
functions of temperature and are as follows- 


for Pb 

D r - 10 678-13-174 X 10“ 4 (r-600-6°), 

and for Ag 

D t = 9 346-9-067 ,• 10 4 (T-1234 0°), 
where T is in °K and D in g/cm 3 


Values of the density of liquid lead and silver at their melting and normal boiling 
points as well as at some set temperatures are given in Table 1 

Table 1 —Experimental densities of liouid lead 1 '' and silver 111 in g/cm s 


Pb 


A g 


MP(K) 

D at M P (g/cm 3 ) 
Normal b p ( K) 
D at normal b p (g/cm 3 ) 
D at 1000 TC 
1500°K 
2000°K 
2500 TC 


600 6 
10 678 
2024 

8 803 J- 0 009 
10 152 
9 493 
8 834 

(see Table 2) 


1234 0 

9 346 ( 0 009 
2450 

8 244 ± 0 009 
(solid) 
9-105 
8 652 
8 198 


1,1 D R Stull and G C Sjnke, Thermodynamic Properties of the Elements, No. 18 of the Advances t" 
Chemistry Series, American Chemical Society, Washington, D C (1956). 

141 A D Kirshfnbaum, J A Cahill and A V’ Grosse, J Inorg Nuc! Chem. 22, 33 (1961) 

,5) A. D Kjrshenbaum, J. A Cahill and A V Grosse, J Inorg Nud Chem In press (1962) 
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Construction of the temperature range diagrams of liquid lead and silver 
The whole temperature range of a liquid metal, i.e., the spread from the melting 
point to the critical point and an estimate of the critical data are of theoretical and 
practical importance. 

One can now proceed with the construction of the liquid range diagrams of lead 
and silver. They are shown m Figs. 1 and 2. 

From the vapour pressure data of both metals we qan calculate the ideal gas 
density of their saturated vapours It was demonstrated many years ago by Warten- 
Br rg (8) that the vapours of Pb and Ag are monatomic The density was determined 
directly in an indium flask at a temperature close to the boiling point. In the case of 
mercury 11 ® it was shown that the ideal gas density equals the experimental saturated 
vapour density up to ~85 per cent of the cntical point. It is only above a reduced 
temperature of ~0-85 that the actual saturated vapour density increases rapidly and 
of course equals the liquid density at the critical point. 

As one will see later the ideal gas density at the normal boiling points (see Table 2) 
is still so small that it can be neglected. Thus, the rectilinear diameter density: 

= fef>nq 

and the equation of the rectilinear diameter is, for Pb- 

D vt> , = 5 339-6-587 x 10 4 (T-600-6°) 

G 

or - 5-734-6-587 X 10 4 T 


and for Ag: 
or 


£> a « = 4 673-4-534 X 10 4 (7'-1234-0°) 
o 

= 5-232-4-534 X \Qr*T, 


where again D is in g/cm 3 and T in °K. 

The rectilinear diameter is extrapolated in Figs I and 2 to the critical region. 
The probable error is indicated by a dotted line “error cone.” 


Estimate of the critical temperatures of lead and silver from the theorem 
of corresponding states 

The pertinent data are taken from reference 3. The entropy of vaporization curve 
for mercury is given in references 1 and 2, and permits one to obtain the reduced 
temperature of Pb and Ag at their normal boiling points. 



Pb 

A g 

Heat of vaporization at normal b p (cal/g atom) 

42,880 

60,960 

Normal b p (K) 

2024 

2450 

Entropy of vaporization at normal b p 
(calgatonr 1 K.- 1 ) 

21 2 

24 9 

Reduced temperature (r re( i) 

0 375 

0 327 

Critical temperature, T„ ( K) 

5400 

7500 


These critical temperatures are estimated to be accurate to i 10 per cent. This 
ls indicated in Figs. 1 and 2 by the shaded area in the critical region. We will see 
Inter that these critical temperatures are bracketed on both the high and low 
H V Wartenberg, Z Anorg. Chem 56, 320-336(1908) 
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Liquid temperature range diagram of lead. 
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Fig 2 —Liquid temperature range diagram of silver. 
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temperature sides by the considerations from the law of rectilinear diameter and 
the saturated vapour densities of the two metals. 

The liquid densities beyond our experimental determinations can be calculated 
from the law of rectilinear diameter if the saturated vapour densities are known. As 
mentioned previously, the real densities should be equal to the ideal densities up to 
about 85 per cent of the critical temperature. The ideal densities can be easily obtained 
from the vapour pressure data of the two metals. 

Saturated vapour densities of Pb and Ag 

The vapour pressures used in these calculations were the most recent compilation 
of thermodynamic properties of the elements, tabulated by Stull and Sinke. (3) 

We have reviewed the original literature, however, particularly in view of our 
interest in vapour-pressure at atmospheric pressure or above. 

The vapour-pressure of lead was determined over fifty years ago by Greenwood 17 ' 81 up to 12 atm, 
far beyond the range of any other experimenters Kelley, a very careful worker, failed to notice, in 
referring to Greenwood’s work, in his well known compilation 1 *' of vapour-pressure data, that the 
latter had a “self-correcting” temperature scale He calibrated his Wanner optical pyrometer using 
pure Pt, Rh and Ir, “specially prepared of a high degree of purity by Messrs Johnson, Matthey & 
Co,” and used Holborn & Henning’s 1905 black body values of their melting points, le 
Pt = 1545 C (1818 K), Rh = 1650 C (192310, and Ir 2000 C (= 2273 K) We know now, 55 
years later, that the correct melting points are Pt = 2043“K, Rh - 2239’K and Ir - 2727 ’K 
Greenwood’s three melting points lie on a straight line, using their true melting points Greenwood’s 
temperature scale can be corrected in a straightforward manner Greenwood's true temperature, 
7true in K. 

Ttrue = 1 502 Tdreenwood — 682°, 

where 7brcen»ood are the original temperatures given by Greenwood in K. 

Stull and Sinke base their selection on Kelley’s review, who in turn picked 
Harteck’s low temperature data as being the most reliable. 

In Fig. 3 we compare Stull and Sinke’s straight line with Greenwood’s corrected 
data which extend to ~2900 K, and also of Baur and Brunner, ,10) Rodebush and 
Dixon, (11) and Leitgebel (12> It can be readily seen that all of the experimental 
measurements are now in close agreement, except Greenwood’s values at 6 and 12 
atm As mentioned by him (8) observations of the boiling lead surface becomes 
increasingly difficult at higher pressures. From 1 '00 atm at 2024°K down to a vapour- 
pressure of 5-6 X 10~ 8 atm at 800°K (measured by Egerton (13) (800-1000°K)), 
i.e., over a hundred million-fold pressure range, the log of vapour-pressure is a 
straight-line function of 1/T°K The same observation was made in the case of 
mercury' 1 - 2 ’ up to the critical point. We are thus justified in making the assumption 
that the straight line log P\s 1/J relationship can be extended to the critical point 
also m the case of Pb and Ag. 

The data for silver do not extend beyond 1 atm. The only data available at 
one atmosphere are old measurements of Greenwood (corrected), Ruff u4) and 

,71 H C Greenwood, Proc Roy Soc 82 A, 396-408 (1909). 

,s * H C Greenwood, Proc Roy Soc 83 A, 483-491, particularly p 488 (1910). 

K K Kelley, U S Bureau of Mines, Bull, 383, 59-60 (1935). 

,10 ' E Baur and R Brunner, Helv Chtm Acta 17, 958 (1934) 

1111 W H Rodebush and A. L Dixon, 7 Amer Chem Soc. 47, 1036 (1925). 

11,1 W. Leitgebel, Z. Anorg Chem 202, 305 (1931) 

11,1 A C G. Egerton, Proc Roy Soc A 103, 469 (1923). 

<14) O Ruff and B. Bergdahl, Z Anorg Chem 106, 91 (1919). 
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Wartenberg. < 8) They shoW appreciable scatter around 2400°K, and additional 
experimental work in this pressure range and above is recommended. 

Stull and Sinke’s vapour-pressure data lead to the following expressions, for 
Pb 

log 10 7 atm = -9,596/7 + 4-74043 (Jin °K) 

or m exponential form: P atm = 5-5009 x 10*. exp (—22,100/7), and for , 

Ag 

logic -Patm = -13,388/7 + 5-46223 ( 7 m °K) 
or in exponential form: P atm = 2 8989 x 10 s . exp (—30,827/7) 

Since the density of the ideal saturated vapour, Z> vap , = AjV A , where A and V A are 



atomic weight and volume respectively, it follows, from the ideal gas laws, that: 

i) vap = A. P/R.T 

thus, 7> vap , for pb = 1-38920/7 X 10 5 . exp (-22,100/7) 
and for Ag = 3-8145/7 X 10 5 . exp (-30,827/7) 

The values so obtained for lead and silver are tabulated in Table 2. 
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Table 2.—in g/cm* calculated from vapour-pressure equations and ideal 

GAS LAWS 


rot) 

Pb 

A g 

D 

(g/cm*) 

P 

(Atm) 

D 

(g/cm*) 

P 

(Atm) 

2024 

0 00124 

1 00 

— 

_ 

2500 

0-00805 

7 97 

0 000681 

1 28 

3000 

0 0292 

34 7 

0 004340 

10-00 

3500 

0 0722 

100 1 

0 01629 

43 4 

4000 

0 1381 

219 

0-04286 

130 0 

4500 

0-2276 

406 

0 08967 

307 

5000 

0-3344 

662 

0 1601 

610 

5500 

— 

— 

0 2549 

1067 

6000 

— 

— 

0 3730 

1700 

6500 

— 

— 

05111 

2527 

7000 

— 

— 

0 6658 

3500 


Calculations of the liquid densities of Pb and Ag above their normal boding point 
From the law of rectilinear diameter it follows that. 

Au,. = 2D » - Alp 

up to about r red = 0-85, i e, 4500°K for Pb and 6300°K for Ag. Above these 
temperatures, as was shown in the case of mercury,' 12 > the real saturated vapour 
density begins to digress appreciably from the ideal density. This can be readily seen 
from the anticipated liquid and gas densities in the critical and near critical regions 
of Figs 1 and 2 

Up to T r( , a =■ 0-85 and based on the above general equation, the specific and 
exact equations for the densities of Pb and Ag are respectively. 

ATq of Pt h > n g/cm 3 = 

1-389? 

11-4692 - 13 174 X lO^T-— x 10 s . exp (-22.100/7') 

and for Ag = 

10-465 - 9-067 x 10 *7~ x jo* . exp (-30,827 jT) 

where T is in °K. 

In the classical work on the densities of liquids it has been the custom to express 
the liquid density in power senes in T (see for example International Critical Tables, 
Volumes 1, 2 and 3). Using the method of least squares the following expressions 
have been obtained for D llq of Pb and Ag- 

Ala of Pb (g/cm 3 ) = 11-3039 - 1-1576 < 10' 3 J- 3-847 x 10~ % r 2 
and 

Aiq °f Ag (g/cm 3 ) = 10 1667 - 6-9155 y KHT - 3-7996 x HHr^rin °K) 

The calculated liquid densities up to T tfd = 0-85, using the exact or exponential 
equations given above, are shown in Table 3 and reproduced in Figs. 1 and 2. 

The calculated ideal liquid and vapour densities cross the rectilinear diameter at 

c a glVeS amaximum limit of the critical temperature (7000°K for Pb and 
or g). The lower limit of critical temperature is a range where the vapour 
density is about 20-25 per cent of the liquid density, i.e., about 5000°K for Pb and 
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Table 3.—Aiq in g/cm* calculated from the rectilinear diameter and ideal gas density (see 

TABLE 2), i.e Aiq. = IDtf - Did. 


T (°K) 


Pb 


Ag 

Aiq. 

• (g/cm 3 ) 

Estimate of 
probable error 
(g/cm*) 

Ajq 

(g/cm 3 ) 

Estimate of 
probable error 
(g/cm 3 ) 

2500 

8 17 

±0-02 

8-20 

±001' , 

3000 

7 49 

_k0 03 

7 74 

±0 02 

3500 

6 79 

±0 04 

7 28 

±0 02 

4000 

606 

±0 06 

6 80 

±0 03 

4500 

531 

±0 1 

6 30 

±005 

5000 

— 

— 

5 77 

±0 06 

6000 

— 

— 

4 65 

±008 

6500 

— 

— 

4 06 

±0 09 

7000 

— 

— 

34 

±01 


7000' K for Ag. The errors rapidly increase in the critical range, which is represented 
by the shaded area in Figs. 1 and 2. This is due both to the inaccuracy of T c , assumed 
to be about ±10 per cent, and our experimental error in the rectilinear diameter. 
We estimate the critical constants of Pb and Ag to be as follows: 



Pb 

Ag 

r c ( j K) 

5400 ± 10% 

7500 ± 10% 

D c (g/cm 3 ) 

22 ±03 

1 85 ± 0 3 

V c (cm 3 /g atom) 


58 3 (±10) 

P c (atm) 


5000 (±560) 


In order to pin down the critical data further it would be particularly desirable 
to extend liquid density determinations of lead and silver to about 3500°K (vapour- 
pressure ~ 100 atm for Pb and ~40 atm for Ag), and extend entropy of vaporization 
data similarly to those of sodium (see Fig 2 of reference 2). It will be many years 
before lead or silver will be observed under critical conditions experimentally. 

It is of interest to compare our semiempirical estimates with theory. The theory 
of liquids, in contrast to the solid and gaseous state is the least developed. Recently 
Eyring and his associates* 15 ’ have calculated some properties of liquid metals, 
including Hg and Pb, by Eyring’s method of significant structures. In general the 
theory uses two adjustable parameters : n and a to obtain agreement with experimental 
data The advantage of the theory is that various properties, such as liquid density, 
vapour pressure, viscosity, self-diffusion and others are developed from a consistent 
viewpoint 

A comparison of our results and the experimental data for Hg with those of 
Eyring’s theory are presented in Table 4. Comments on the comparison are as 
follows 

1 Critical density. In the case of Hg, Eyring’s value (=315) is lower than the 
experiment, m the case of Pb (=3-04) higher than our estimate.* In either case the 

;Ey r ing’s calc D-value for Pb at the normal b p. — 9 59, whereas our experimental density 

a.) q £ Carlson, H Eyring and T. Ree, Proc. Nat Acad. Sci 46, 649-659 (I960); see there for 
earlier literature. 
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theoretical values seem to be outside the experimental error (see Fig. 1 in citation 1 
and Fig. 1 of this paper) of the rectilinear diameter. 


Table 4_Comparison of semiempirical data with theoretical calculations 

Experimental for Hg 
(see reference 1 and 2) 

or this paper for Pb Eyring’S theoretical 

and Ag calculations 1131 


Hg Parameter n 
T c (°K) 

V c (em’/g atom) 
D c (g/cm 2 3 ) 

P c (atm) 

Pb Parameter n 
T c (°K) 

V e (cm 3 /g atom) 

(g/cm 3 ) 

P t (atm) 


M'K) 

K c (cm 3 /g atom) 
D 0 (g/cm 3 ) 

P c (atm) 


11 


1733 1. 50 

1552 


42 7 ± 3 0 

63 7 


4 70 t 0 20 

3 15 


1587 4- 50 

610 


—. 

11 

6 

5400 + 540 

8390 

6266 

94 (-!o) 

68 2 

68 3 

22 4 03 

304 

3 04 

850 (-S) 

3500 

2530 

7500(4750) 



58 3 ( ! 10) 

No data 

1 85 ( 40 3) 
5000(4560) 




2. Critical temperature. We believe our value for Pb to be closer to the true value 
of Pb The theoretical value with n = 11 is definitely far outside the maximum shown 
in Fig. 1; the value with n — 6 is closer to our estimate. 

3. Critical pressure P c is the most doubtful of the critical constants The theoreti¬ 
cal values are much lower in the case of Hg and by approximately the same factor 
higher in the case of Pb 

In comparing the two methods it should be kept in mind that in the case of Pb 
both represent extrapolations of 3000°K or more beyond the present experimental 
range. Obviously both methods should be improved. 

The critical scientist should remember, however, that in this case we are in a realm 
of temperatures at which all of the few million inorganic and organic compounds 
cease to exist and that only a few metals exist as liquids, since they are elementary 
and monatomic substances. The only thermal reaction possible is ionization. The - 
present view on solid and liquid metals is that at room temperature they are already 
ions surrounded by a sea of electrons. The amount of ionization in the saturated 
metal vapour can be accurately calculated from the Saha equation and their well 
known ionization potentials; for metals like Ta and W, even at 20,000°K, the 
ionization is only a few per cent, due primarily to the high saturation vapour- 
pressures. 

Acknowledgement —Acknowledgement is due to P J McGonigal for a number of density equation 
calculations 
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NEUTRON CAPTURE CROSS-SECTION DATA FOR 152 Sm 

M. J. Cabell 

Chemistry Division, A.E.R.E., Harwell, Berks. ' , 

( Received 30 October 1961) 

Abstract—An activation method has been used for the determination of the neutron capture 
cross-sections of I52 Sm for reactor neutrons (b) and for 2200 m/sec neutrons (<r 0 ), and for 
the determination of S', its above 1/v resonance capture integral. The results obtained 
,.e b = 320 ±13 bams (for ry/(T/T c ) = 0-0320), o 0 = 209 ±9 bams and S' = 3070 ±100 
barns, are in good agreement with all the current data for this isotope. 

Recent neutron transmission measurements using mono-energetic neutrons (1958)0) 
and neutron absorption measurements using a pile oscillator (also in 1958) (2> have 
resulted in a current value of 216±6 barns for the 2200 m/sec neutron absorption 
cross section of 152 Sm < 3 * In contrast to this figure the only recorded measurement 
made by an activation method was reported as long ago as 1947* 4 * and gave 138±40 
barns for the capture cross-section for thermal neutrons. The main purpose of the 
work described here was to obtain a more precise value for the capture cross section 
of 152 Sm and, if possible, to eliminate this discrepancy. 

In addition, at the time this work was started only one measurement with any 
claim to precision had been made of the resonance absorption integral of 1S2 Sm< 5 > 
and an independent check seemed desirable. This situation has improved since the 
present work was completed A more reliable value for the ratio of the resonance 
capture integral to the thermal cross section is now available* 6 * and, in addition, the 
resonance parameters for the only known resonance are now known sufficiently well 
that a lower limit for the resonance capture integral can be calculated precisely.* 7 * 

EXPERIMENTAL METHODS 

The method employed was similar to those described in detail elsewhere* 8 • 91 so only 
an outline will be given here. The main nuclear reactions involved are, 

n,y P' 

15 2 Sm (stable)-* 153 Sm-► 153 Eu (stable) 

7* = 47 hr 

(1) N. J Pattenden, Proceedings of the Second International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1958, Paper 11. United Nations (1958). 

,2) H Rose, W. A. Cooper and R. B. Tattersall, Proceedings of the Second International 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958, Paper 14. United Nations 
(1958). 

01 D. J. Hughes, B. A. Magurno and M. K. Brussel. Report, BNL 325, 2nd Ed., 
Supplement No. 1 (January 1960). 

,4> L. Seren, H. N. Friedlander and S. H. Turkel, Phys. Rev. 72, 888 (1947). 

I!) R. B. Tattersall, H. Rose, S. K. Pattenden and D. Jowrrr, Reactor Science, 12, 32 
(1960). 

(t,) W. H. Walker and R. E. Green, Canad. J. Phys. 39, 1184 (1961). 

171 R. E. Chrien, Canad. J. Phys. 39, 1193 (1961). 

U) M J. Cabell, Reactor Science 12, 172 (1960). 

” M J. Cabell, /. Inorg. Nucl. Chem. 21,1 (1961). 
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The target material was enriched 152 Sm (98-65 ±0-02 atom per cent 132 Sm, 0-76±0-01 
atom per cent i 34 Sm) supplied by the Electromagnetic Separation Group of Chemistry 
Division. Fifty microhtre aliquots (containing approximately 10 fig 132 Sm each) of a stock 
solution of the target material were irradiated in a lattice position of BEPO for between 
0-500 and 2-000 hr, (a) unshielded and (b) shielded by 0-071 cm cadmium. Thin gold foils 
were attached to measure the thermal and epi-cadmium fluxes. After irradiation the samples 
were allowed to stand for at least three hours to allow the majority of any 133 Sm to decay 
(Ti = 23 min, produced from i 34 Sm impurity), then the samarium was purified by cation 
exchange chromatography and obtained finally in good yield (> 99 per cent) in 5 ml of a 
1 2 M solution of nitric acid. 

Aliquots were taken as follows. One aliquot (2 ml, containing about 4 fig > 32 Sm) was 
mixed with an equal volume, taken with the same pipette, of a solution containing a known 
concentration of enriched i 34 Sm (see below) and the resultant atomic ratio of 132 Sm to 
i 34 Sm m the solution was determined using a mass spectrometer. Further aliquots (50 fi\, 
containing about 0-1 ^rg 152 Sm each) were taken with a calibrated micropipette, evaporated 
to dryness on thin, gold-coated organic films (total thickness about 50 fig cm -2 ) and the 
absolute ^-disintegration rates of the sources so obtained were determined using an argon- 
methane-flow 4ir proportional ^-counter. The !53 Sm content of each source was determined 
from its absolute ^-disintegration rate and the corresponding 152 Sm content was determined 
from the mass spectrometric measurements. With a knowledge of these quantities and the 
neutron fluxes the capture cross section of 132 Sm for reactor and for thermal neutrons and 
its resonance capture integral can be calculated. 

The solution of enriched 134 Sm mentioned above was taken from a stock which had 
been prepared from a sample supplied by the Electromagnetic Separation Group of the 
Chemistry Division (98 95 ±0 02 atom per cent 134 Sm, 0-51 +0-01 atom per cent 132 Sm) 
Initially the solution was made to contain approximately 2 fig samarium per ml and this 
quantity was then determined precisely by isotopic dilution analysis using a solution of 
natural samarium of known concentration. Isotopic analyses in this as in all cases were 
made by depositing about 1 fig of samarium on the centre of the tantalum filament of a 
single filament surface ionization source and examining it in an A.E.I Type M.S.5 mass 
spectrometer with a filament current of 3 -5 A-4 5 A 

The measured disintegration rate for each source was used to calculate the disintegra¬ 
tion rate it would have had at the end of the irradiation (AO For this purpose the value of 
47-1 ±0 1 hr given by Cork et aid 10) has been used for the half-life of ,53 Sm rather than the 
more recent value of 46-2 ±0-1 hr due to Green and Walker, since the former value was 
in better accord with our experimental data. 

Thus, for example, the decay of one source of 133 Sm was followed for thirteen half-lives 
and no departure from decay with a half-life of 47 1 ±0 1 hr was found during the first nine 
half-lives (by which time the count was six times the background); residual long-lived 
activity was less than 0 02 per cent of the initial value. The y-spectrum of the irradiated 
,52 Sm showed no peaks other than those expected from 133 Sm. 

RESULTS 

The cross section results were calculated by the method which has been described 
more fully elsewhere.<8,9,12,13). 

<J<» J. M. Cork, M. K. Brice, R. G. Heimer and R. M. Woods, Phys. Rev. 110, 526 (1958) 
(n) R- E. Green and W. H. Walker, Canad. J. Phys. 39, 1216 (1961) 

( ' 2 ’ T. A. Eastwood, A. P. Baerg, C. B. Bioham, F. Brown, M. J. Cabell, W. E. Grummitt, 
J. C. Roy, L. P. Roy and R. P. Schuman, Proceedings of the Second International 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958, Paper 203 United 
Nations (1958). 

<13) C. H. Westcott, W. H. Walker and T. A. Alexander, Proceedings of the Second 
International Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958, Paper 202 
United Nations (1958). 
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The effective capture cross section of 132 Sm (&) was first obtained from the 
expression: 

* («v e ) = R e = A,IN 0 (1 -exp. (-A, /J) (1) 


in which (nv 0 ) is the 2200 m/sec neutron flux, R E is the equilibrium rate of conversion 
of 132 Sm into 133 Sm, N 0 is the number of atoms of I32 Sm in the source counted, Ai is 
the radioactive decay constant of 133 Sm and t\ is the time of irradiation.* 9 ’*' 1 The 
assumption is now made that 132 Sm is a 1 /v absorber for thermal neutrons and it 
follows that: 

^ [i +rsJ(T/T 0 )] (2) 

in which rj ( T/T 0 ) and s a are quantities obtained from the cadmium ratio measure¬ 
ments for the gold monitors and for 132 Sm respectively, and a 0 is the cross-section 
of 152 Sm for 2200 m/sec neutrons. 

The reduced resonance integral i.e. the usual resonance capture integral with 
the 1/v contribution subtracted,.can then be obtained from s a and the relationship: 



(3) 


and I, the resonance capture integral as normally expressed, is equal to (I'+0-44o o ). 
A complete set of results for a typical pair of experiments is given in Table 1. 


Table 1 —Complete results for a pair of experiments 




7 


8 


Experiment numbei 

(without cadmium cover) (with cadmium cover) 

'i (hr) 


1-500 


1 500 


A, (disintegrations/sec) 


1457-5 


535-6 


w 0 


3-40 x 10 14 


3-53 x 10 14 

Re for l52 Sm (sec -1 ) 


l-96xl0 -10 


6 96x10- 

n 

R e for 197 Au (sec -1 ) 


941 xlO - " 


3-45x10" 

n 

rJ{TIT c ) 



0-0321 



a for l97 Au (barns) 



154 5 



(rtvj in neutrons cm -2 

sec -1 


6-09x10" 


f, for ,52 Sm (barns) 



322 



Rea for ,32 Sm 



2 82 



s a for 152 Sm 



16-42 



for 152 Sm (barns) 



211 



I' for > 52 Sm (barns) 



3070 



X for l52 Sm (barns) 



3163 



Table 2 gives a summary of all the cross-section results. 



Table 2 - 

-152Sm CROSS-SECTION RESULTS 





- K - 

<r <r 0 




Experiments ft (hr) rV(T/T„) 

(bams) (bams' 

1 E'/ffc 

I' 

2 

1 and 2 0 500 

0-0315 

312 205 

14 68 

3011 

3101 

3 and 4 0-800 

0 0322 

331 217 

14 36 

3120 

3216 

5 and 6 1 -000 

0 0328 

324 210 

14-58 

3066 

3159 

7 and 8 1 500 

0 0321 

322 211 

14 55 

3070 

3163 

9 and 10 2 000 

0 0311 

311 203 

15 21 

3081 

3173 

Average 0-0320 ±0-0003 

320 ± 4 209 ±3 

14-68+0-15 

3070 ±18 

3162 ±19 


* The nomenclature used in the earlier papers is retained here. 
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The errors quoted for the averages given in Table 2 are their standard errors in 
each case and arise front random variations in the factors used in the calculations 
e.g. short term variations in the neutron flux, statistical errors in counting, errors in 
measuring isotopic ratios, errors in pipetting etc. Systematic errors have been 
estimated as follows. 

(a) 1 per cent in A,. This was estimated by considering the maximum energies 
of the /? particles emitted by t53 Sm,< 14) the low superficial densities of the sources 
(OT ng cm -2 ) and their mode of preparation. (15) 

(b) 0-5 per cent in (nv a ). This arises from similar considerations applied to the 
gold monitors. Although tending to cancel factor (a) the two errors have 
nevertheless been added. 

(c) 1 per cent in N 0 This arises almost entirely from the value assumed for the 

atomic proportion of 152 Sm in natural samarium. We found this to be 0-269± 
0-001, in agreement with Inghram et but have allowed an overall error 

of 1 per cent in N 0 to take into account possible mass discrimination in our 
mass spectrometer. 

(d) 0-2 per cent in the growth factor, (1—exp (—Aifi)). This arises from the 
error in Aj 

When all the errors were taken into account the final values obtained were 
ft = 320±13 barns, a a = 209 ±9 barns, X' = 3070±100 barns and X = 3162± 104 
bams. 

DISCUSSION 


Pattenden < i) has measured the total cross-section of I52 Sm for the 2200 m/sec 
neutrons produced from a crystal spectrometer mounted on the Harwell reactor 
BEPO. The figure he obtained i.e 206±6 barns, when corrected for neutron 
scattering, gave an initial value of 200±6 bams for u 0 (1) which should now be 
amended to 202±6 bams as a result of more precise scattering data. (17) 

Rose et al , (2) using the oscillator mounted on the Harwell reactor Dimple, 
measured the absorption cross section of 152 Sm in a Maxwellian spectrum having 

-4-0*0006 \ 

a very small epi-thermal content (r = 0-0003 ^0-0002/ and obtained a value of 


<f M = <r 0 g — 224±7 barns (where g is a measure of the departure of 152 Sm from 
1/v behaviour for thermal neutrons). 

A measurement of the capture cross section of 152 Sm for the reactor flux in the 


lattice of BEPO has been described here and the fraction of this quantity due to 
thermal neutrons alone has been determined, On the assumption that g is unity— 
and this assumption seems justified both m the light of measurements of the variation 
of total cross-section with neutron energy*and as a result of theoretical considera- 
tions* e) —a value of 209±9 bams was obtained for a 0 . 

Based on the assumption that g — 1 then, the three cross sections i.e. 202±6 
barns, 224±7 bams and 209±9 bams can all be equated to c Q . It will then be noted 
that the value obtained here is in agreement, within the experimental errors, with 
both the other values although the other two values are not in agreement with each 


(14) D. Strominger, J. M. Hollander and G. T. Seaboro, Rev. Mod. Phys. 30, 585 (1958). 
<w J- S. Merritt, J. G. V. Taylor and P. J. Campion, Canad. J. Chem. 37, 1109 (1959). 
(»«» M. G. Inohram, D. C. Hess and R. J. Hayden, Phys. Rev. 73, 180 (1948). 

N. J. Pattenden. Private communiactioni!961). 
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other. None of the three values agree with the original figure i.e. 138 ±40 bams,< 4 > 
obtained by an activation method. The unweighted average of the three results is 
<r 0 = 212±7 barns. 

The contribution to a 0 from the only known resonance of 152 Sm (at 8*02 eV) is 
224±18 barns. (7) The good agreement between this figure and the result obtained 
in this work adds further evidence to the conclusion that this resonance determines 
the neutron capture behaviour of 152 Sm in the thermal region. 

The value for £'•<;„ obtained in these experiments was 14-68±0-15 (Table 2). 
This is in excellent agreement with the ratio obtained recently by Walker and 
Green, (<S) i.e. 14-65±0-41. 

Using the results obtained in this work resulted in X' = 3070±100 bams. 
Tattersall el alS® have measured X' (apparent) for solutions of ,52 Sm showing 
appreciable self-screening and by extrapolation of their data to infinite dilution, 
and hence to zero self-screening, obtained X' (infinite dilution) = 2850± 300 bams. 
This result is also in good agreement with our figure. 

The contribution to X' from the 8-02 eV resonance has been calculated to be 
3090±220 barns (7) showing that this resonance determines the neutron capture 
behaviour of 152 Sm for 1 /E neutrons as well as for thermal neutrons. 

Acknowledgements —Grateful acknowledgement is made to Messrs N. J. D. Prosser, 
D Avery and D. T aylor for some of the mass spectrometric measurements used in this work. 
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THE USE OF AS AN ISOTOPIC TRACER AND ITS 
DETERMINATION ALONG WITH NORMAL 1271 BY 
NEUTRON ACTIVATION—THE ISOLATION OF ' , 
IODINE FROM A VARIETY OF MATERIALS* 

M. H. Studier, C. Postmus, Jr., J. Mech, R. R. Walters and E. N. Sloth 
A rgonne National Laboratory, Argonne, Illinois 
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Abstract—In order to make the 1 7 x 10 7 year 129 I useful as an iodine tracer a neutron activa¬ 
tion procedure was used for its determination A procedure involving high temperature 
ignition in a stream of oxygen was devised for the isolation of iodine from a variety of 
materials. After activation and decontamination a large sodium iodide, well-type crystal 
was used as a selective detector for the 130 I activation product The normal iodine content 
of a sample is readily determined at the same time. 

Eight-day 131 I is readily available and has been used extensively as an iodine tracer. 
Its short half-life, however, limits its usefulness for long term experiments such as 
may be involved in biological studies. The 1 -7 x 10 7 year 129 I promises to be a useful 
isotope for such experiments. It does not occur in nature except in minute quantities 
as a result of fission in uranium ores. (1 > Although its specific activity (370 disintegra¬ 
tions per min per fig) is too low for convenient use as a direct radioactive tracer, the 
neutron activation technique can be used to increase the sensitivity for its detection 
by a factor of 10 6 or more. 

The pertinent reactions in the neutron activation of 129 I and 12 7i are as follows: 


1291 (n ’ y) 1301 n^Thr 13 ° Xc (stab,e) (1) 

,27 Kn,7) l2B Iz~ ± - l28 Xe (stable) (2) 

25*0 mm 

Interfering Iodine activities are produced by the following reactions: 

127 I (n, 2n) 126 I 13 , 3 ’J ays 126 Xe (stable) (3) 

127 I(/i,y) 128 I(n,y) l2 »I(n,y) U0 I (4) 


Since reaction (3) is produced by very energetic neutrons (greater than 9 MeV) only, 
the use of a well moderated neutron flux is helpful. Although the fission product 
iodine from as little as 10 -12 g of natural uranium can limit the sensitivity of the 
method, this interference can be eliminated by very careful purification from uranium 
before irradiation. 

* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 
!il B. C. Purkayastha and G. R. Martin, Canad. J. Chem. 34 , 293 (1956). 
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235 U (n, fission) < 


131] 

132] 

133] 

134] 
135j 


’ft 7 
8 days 

ft y 

2-3 hr 

ft V 

21 hr 

ft v 

52 min 
ft 7 
6-7 hr 


(5) 


The analysis of a sample for 129 I and !27 I involves the following steps: 

(1) Isolation of an iodine fraction from the sample without the addition of 
carrier, but with 131 1 tracer for determination of yield. 

(2) Packaging in a container suitable for neutron irradiation with a minimum of 
chemical impurities. 

(3) Irradiation of the isolated iodine in a moderated neutron flux. 

(4) Irradiation of an 127 I monitor containing a known amount of 129 1 in a 
separate container adjacent to sample. 

(5) Decontamination of the irradiated sample and monitor from extraneous 
activities. 

(6) Measurement and resolution of the various iodine activities which may be 
present. 

(7) Determination of the specific activities of the monitor with respect to the 
25 mm 128 I, the 12-5 hr 130 I and the 13-3 day 126 I. From these data the 127 J and J29 l 
content of the sample can be determined by direct comparison with the same activities 
in the sample, corrected for chemical yield. 

The chemical isolation of iodine 

A satisfactory procedure that has been devised for the isolation of iodine from many 
different types of samples involves the following steps. 

(1) Ignition of the sample m a stream of oxygen in a quartz apparatus. 

(2) Trapping of the iodine in a dilute solution of sulphurous acid. 

(3) Carrying of the iodide ion on a precipitate of silver chloride. 

(4) Decomposition of the silver chloride by heating with aluminium metal in a vacuum 
and the distillation of the iodine into a quartz tube. 

A quartz ignition apparatus (modifications of an apparatus described by Godfrey 
et al. (2) ) coupled to a Pyrex scrubbing tower by means of a semi ball-joint is illustrated in 
Fig. 1. The apparatus is suitable for samples weighing as much as 100 g. A scaled down 
version may be used for smaller samples. After insertion of a quartz wool plug into the 
bottom of the inner quartz tube, the sample is packed in with a glass rod with periodic 
additions of a solution containing 131 I tracer. The apparatus is assembled and initially 
oxygen is passed between the concentric quartz tubes at a rate of 2000 cm 3 nun' 1 . About 
30 ml of water is added to the scrubbing tower and a flow of gaseous sulphur dioxide is 
started. This gas enters through the side arm of the scrubbing tower. The first step in the 
burning is a gradual downward destructive distillation of the sample with ignition of the 
volatile decomposition products in the region of the 2 mm holes using ring burners. For 
complete combustion of these volatile products the rate of destructive distillation must be 
sufficiently slow that an excess of oxygen is maintained, but must be sufficiently fast that the 
flame produced is hot enough to prevent the formation of soot. The area of the 2 mm holes 


n) P. R- Godfrey, H. E. Parker and F. Quackenbush, Analyt. Chem. 23, 1860 (1951). 
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is kept hot at all times. Oxygen enters through these holes and the flame is contained within 
the inner quartz tube. In this manner the outer tube is protected from extensive strains due 
to the hot flame and fused salts. After the destructive distillation is complete, the car* 
bonaceous residue is ignited in a stream of oxygen. The oxygen flow between the tubes is 
reduced by half, and oxygen is passed up the inner tube. The area of the 2 mm holes is 
heated and then the sample ignited at the' bottom. The flow rate of oxygen up the inner 
tube is gradually increased. The rate is limited by necessity for complete combustion of 
additional volatile material at the top of the combustion tube. After all combustible material 
has been burned, the entire quartz apparatus is baked out at a temperature of about 800°C 
m a stream of oxygen to remove the last traces of iodine. 



Fig. 1.—Ignition apparatus. 


After the scrubbing solution has been transferred to a suitable container and acidified 
with sulphuric acid, the excess sulphur dioxide is removed by bubbling nitrogen through 
the solution. Silver chloride is precipitated by the addition of silver nitrate. Usually, enough 
chlorides distil from the sample so that none need be added; however, if no precipitate forms, 
hydrochloric acid is added followed by the addition of more silver nitrate. Two or three 
milligrams of silver are sufficient for adequate carrying of the iodine. After digestion to 
coagulate the silver chloride, the precipitate is centrifuged, washed with water, and dissolved 
in a solution of sodium cyanide. At this point any insoluble material (such as traces of soot) 
is removed by centrifugation and the silver chloride is reprecipitated by acidification. The 
precipitate is washed with acid and water, and then transferred with acetone to the quartz 
tube of Fig. 2. After centrifugation, the bulk of the acetone is removed with a transfer 
pipette and the last traces by evaporation. 

After the addition of about 0-3 g aluminium wire the tube is sealed to the quartz distilla¬ 
tion apparatus below the quartz frit. The apparatus is evacuated with gentle flaming to a 
pressure of three microns or less. The U-tube is immersed in liquid nitrogen and the 
temperature of the aluminium silver chloride mixture raised to a red heat with a small 
furnace. The iodine distils into the U-tube along with aluminium chloride. Normally the 
iodine distils in two fractions. The more volatile of these appears in the U-tube as soon as 
the aluminium melts. The less volatile fraction must be moved into the U-tube by flaming 
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to a temperature of 300-400°C. After sealing off both ends of the U-tube the iodine is 
moved into the arm opposite the reaction vessel by cooling that end in liquid nitrogen while 
flaming the rest of the tube. This end is sealed off at a convenient length and irradiated 
along with an monitor in a separate tube. Before irradiation, it is convenient to 

check the chemical yield by dropping the quartz tube into the well of a sodium iodide crystal 
and counting the 0-36 MeV y-ray of ,J, I. 



Decontamination procedure 

After irradiation the iodine is decontaminated from all extraneous activities. The most 
troublesome contaminant has been that of the 36 hr 82 Br which has a decay scheme similar 
to that of 130 I. Since iodine is not separated from other halogens before irradiation, radio¬ 
bromine is always produced to some extent. Because of its volatility in the elemental form 
precautions must be taken to prevent contamination of reagents and apparatus which may 
result in subsequent recontammation of the iodine fraction. This is particularly troublesome 
when solvent extraction procedures are used along with oxidation reduction cycles 

The addition of milligram quantities of iodine and bromine improves yields and 
decontamination factors. If exchange between the radionuclides and the added carriers is 
complete, adequate yields and decontamination factors can be achieved by a variety ol 
procedures. Frequently, however, poor yields and low decontamination factors resulted 
when the radiohalogens reacted with traces of organic matter and the resulting organic 
halides did not exchange with the carriers. The conditions of irradiation in the reactor are 
particularly favourable for the production of organic halides .* 3> The effects were exaggerated 
by the deliberate addition of organic matter. The problem was solved by the high temperature 
ignition of the irradiated sample followed by distillation of the iodine. The procedure is as 
follows: 

(1) The irradiated quartz ampule is washed in strong acid to remove surface con¬ 
taminants. 

(2) The ampule is placed in the apparatus of Fig. 3 such that the file scratch is at the 
edge of the ball-joint. With the furnace at 800°C and a slow constant stream of oxygen 
following, the serai-ball joint is twisted to break the tube at the scribed mark. 

(3) The halogens are distilled from the ampule by heating with a torch. They pass 
through the hot copper oxide furnace and are absorbed by a solution of 1 N sodium hydroxide 
containing iodide, iodate, bromide and bromate in the distillation apparatus. 

(3) E. N. Weber, P. F. Forsyth and R. H. Schuler, Radiation Research, 3, 68 (1955). 
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(4) A few milligrams of sodium peroxide are added to the distillation flask to promote 
exchange of halogens by oxidation to a common state. Excess peroxide is decomposed by 
t iling and the solution is acidified with sulphuric acid saturated with sulphur dioxide to 
reduce the halogens to a common reduced state. Excess sulphur dioxide is removed by 
boiling in a stream of nitrogen. 



(5) After cooling the solution to prevent air oxidation, ferric sulphate is added to 
oxidize iodide to iodine leaving bromide in solution. 

(6) The iodine is distilled in a small volume with reflux by vigorous boiling with a slow 
nitrogen stream. 

(7) The iodine is trapped in a small volume of sulphurous acid The distillaUon 
procedure is repeated as often as required. When exchange is complete, the iodine is 
quantitatively distilled with decontamination from bromine by a factor of 10 4 or more for 
each distillation. The iodine is finally precipitated as silver iodide in a tube suitable for 
counting in the well of a sodium iodide scintillator 

(8) The irradiated monitor is decontaminated, precipitated as silver iodide, 

weighed and counted. 

Counting procedure 

The use of a y-ray spectrometer has simplified the measurement and resolution of the 
iodine activities involved in the determination of 129 I by activation. The spectrometer used 
consists of a well-type sodium iodide scintillator, multiplier phototube, amplifier and a 
single channel pulse height selector. A one-mil nickel sheath within the well served as a 
P shield. 

In Fig. 4 is illustrated the decay scheme* 4) of 130 I. Associated with each disintegration 
is a total y-energy of 1-9 MeV or greater Although this energy is liberated by relatively 
low energy y-rays in cascade, a large fraction of the events will be recorded as high energy 
coincidences of the cascade y-rays when the sample is placed in the centre of a large sodium 
iodide scintillator. As the size of the crystal is increased, the fraction of the disintegrations 
which appear at high energies is increased with a consequent decrease in the low energy 
events This is illustrated in Fig. 4 where differential curves of counting rates vs. energy for 
three different size crystals are shown. It seems probable that an integration of all the events 
observed with the 5 in. crystal represents a counting efficiency approaching 100 per cent. 

I4) R. S. Caird and A. C. G. Mitchell, Phys. Rev. 94,412 (1954). 



760 M. H. Studier, C. Postmus, Jr., J. Mbch, R. R. Walters and E. N. Sloth 

In addition to 130 I three other radioactive isotopes are always present during the 
counting procedure. They are the eight-day 1J1 I, the 25 min l2 »I, and the 13 day with 
maximum y-decay energies of 0-72, 0-98 and 1 42 MeV (in low abundance), respectively. 
The 131 I is added at the beginning of the isolation procedure as tracer to determine the 
nh+mj/'a i yield of the iodine. The other two are formed by neutron reactions with normal 
< 27 I during the activation. With the 5 in. crystal it is possible to measure the disintegration 
rate of ,S0 I with a high counting efficiency while discriminating severely against the activities 
of the other three iodine isotopes. After consideration of backgrounds in addition to counting 
efficiencies and discrimination against activities other than that of 130 I, two operating 
conditions were chosen for measurements of 130 I activity with the 5 in. crystal. When the 
i 2 «i activity is a serious problem (e.g., when the sample contains large amounts of natural 
iodine), the 130 I is measured in the energy region from 1 -6 to 2-5 MeV. Under these condi¬ 
tions the counting efficiency for * 3 °I is ~ 40 per cent and the background is 40 counts per 
min. When the activity of 126 I is low, the 130 I measurements are made in the energy band 
between 1-2 and 2-5 MeV. Under these conditions the counting efficiency is ~ 70 per cent 
and the background is 90 counts per min. The abundances of the other three activities are 
determined by measurements in a narrow energy band m the region of low y-energy (0 25- 
0-50 MeV). 



Fig. 4.—y-spectra of i30 I m various size sodium iodide crystals. 

-crystal size = 2 in. x2 in. 

well = i in. x 1$- m. 

-crystal size = 3 in. x3 m. 

well = i in. x H in. 

-—- crystal size = 5 m, x5 in. 

well = -A- in. x2$ in. 

Note.—All curves are normalized to the same disintegration rate. 


RESULTS AND DISCUSSION 

A variety of biological samples (leaves, grain, soil, roots, bark, twigs, thyroids 
and other animal tissues) to which 129 I had been added in varying amounts were 

analysed for I27 I and 129 I to check the procedures as they were developed. Typical 

*-•** 
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chemical yields were about 50 per cent through the entire isolation and decontamina¬ 
tion procedures. The 127 I content of samples varied from 5 parts per billion for a 
wheat sample to 2150 parts per billion for a lake weed. 

To demonstrate the sensitivity of the method for 129 I the iodine from 100 g of 
leaves was isolated without addition of 129 I, activated and measured. An upper 
limit of 6 x 10" 16 g of 129 I per gramme of leaf was determined. The same sample was 
found to contain 143 parts per billion of normal iodine. 

Samples were irradiated in Argonne’s CP-5 reactor at a flux of 3 x 10 u neutrons 
cm ' 2 sec -1 . At this flux the method can determine as little as 10 -10 g of 127 I and 
10-13 g of 129 I. 
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THE SPECTRA OF THE TRIS COMPLEXES OF 1, 10-PHENANTHROLlNE 
AND 2, 2'-BIPYRIDINE WITH 
THE TRANSITION METALS IRON(II) THROUGH ZINC(II) 

R. G. Inskeep* 

Department of Chemistry, University of Vermont, Burlington, Vermont, 

and 

The National Bureau of Standards, Washington, D.C. 

(Received 16 March 1961; in revised form 20 November 1961) 

Abstract— The infra-red spectra of the tris-2, 2'-bipyridine and the tris-l,10-phenanthroline 
complexes of iron(II), cobalt(ll), nickel(II), copper(II), and zmc(II) have been obtained 
from 250 to 2000 cm -1 . These spectra have been correlated with the bonding properties, 
and a metal-nitrogen bond vibration assignment has been proposed. 

Recently an excellent study of the infra-red spectra of 1, 10-phenanthroline metal 
ion complexes in the rock salt region appeared.* 1 * However, it was pointed out by 
Inskeep and Benson* 2 * that the only unique bands, i e., not merely perturbed ligand 
absorption bands, are those appearing at frequencies of less than 600 cm -1 . In the 
present work, the spectra of a series of divalent transition element ions with 
1, 10-phenanthroline and with 2, 2'-bipyridine have been obtained together with the 
spectra of the free ligands. To keep the spectra as uncluttered with extraneous 
elements as possible, the spectra of the complexes were obtained as a low concentra¬ 
tion of complex in alkali halide pellets, and the anion of the complexes was the 
simple chloride ion except m the cases of copper and zinc, where in order to negate 
the possibility of having the chloride ion in the inner co-ordination sphere, the 
nitrate ion was used. 

EXPERIMENTAL RESULTS 

Spectra of the tns-2, 2'-bipyridine complexes of the divalent ions and the spectrum 
of the pure ligand are shown in Figs. 1-2; while the measured frequencies of the 
absorption bands are given in Table 1. The spectra of the tns-1, 10-phenanthroline 
complexes and the spectrum of the hydrate of the free base are shown in Figs. 3-4; 
and the absorption band frequencies are tabulated in Table 2. 

As demonstrated by Schilt and Taylor, (,) the spectra of the various 
phenanthroline and of the various bipyridine complexes are very similar to one 
another in the rock salt region: it is only in the low frequency (i.e., CsBr) region that 
the spectra differ from one another within a given senes. In the higher frequency 
region, the spectra of cobalt(II), nickel(II), copper(II) and zmc(II) complexes m each 
senes are essentially identical once the anion nitrate bands are taken into account in 

* Present address: Department of Chemistry, University of Hawaii, Honolulu 14, 
Hawaii 

A A - Schilt and R. C. Taylor, J. Inorg. Nucl. Chem. 9,211 (1959). 

2 ^ G. Inskeep and M. D. Benson, J. Inorg. Nucl. Chem. 20, 290 (1961). 
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Fra, 2.—The infra-red absorption spectra of the 2,2'-bipyridine complexes 

from 15 to 40 fi. 
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Table 1.— Infra-red frequencies of metal ion 2,2'-dipyridine complexes in 
KI from 2000 cm- i to 250 cm-' 


Dipy Fe(dipy) 3 Cl 2 Co(dipy) 3 Cl 2 Ni(dipy) 3 Cl 2 Cu(dipy) 3 (N0 3 ) 2 Zn(dipy) 3 (N0 3 ) 2 



1626(5*) 

1650(5*) 

1640(5*) 

1648 (5*) 

1658 (5*) 

1582* 

1605* 

1600* 

1602* 

1604* 

1607* 

1560 


1570 

1571 



1506 


1490 

1492 

1496 

1497 

1460* 

1470* 

1470* 

1473* 

1467* 

1478* 

1422* 

1443* 

1442* 

1443* 

1447* 

1443* 




1385 

1375 (N0 3 -) 

1380 (N0 3 “) 


1314 

1312* 

1315* 

1319* 

1320* 



1284 

1285 

1288 


1254* 

1243 

1249 

1250 

1251 

1251 

1214 


1230 

1230 

1234 

1230 



1179 

1180 

1179 

1180 

1140* 

1160* 

1160* 

1160* 

1161* 

1161* 


1121 





1091* 

1101 

1100 

1102 

1101 

1100 

1065 

1065 

1062 

1063 

1062 

1062 

1040* 

1044 

1040 

1043 

1041 

1043 

995* 

1020 

1018* 

1020* 

1017* 

1018* 


1008 





976 






891 

901 

908 

910 

910 

911 





837") 

837^1 





830 ^NOj - 

830 ^NOj" 





824J 

825J 

7591 

778* 

778* 

7781 

7791 

778* 



765 ( 5 *) 

765 ( 5 *) 

763 (5*) 

763 (5*) 

741 

735* 

737* 

738* 

737* 

738* 

660 

660 

651 

655 

659 

652 

625 


630 

635 

638 

630 





623 






540 






442 


430 

423* 

433 

440 

425 

433 

405* 


415* 

415* 

408* 

415* 





405 



364 



364 

355 



264* 

286* 

297* 

280* 




260 

258 



* Indicates the more intense bands 
+ Indicates very intense bands. 


the latter two metal ion cases. The iron(II) complex of each ligand differs very 
markedly from its homologues. However, all of the spectra of the complexes in this 
higher frequency range are chiefly spectra of slightly perturbed free ligands. These 
perturbations were discussed by Schilt and Taylor. (1) 

Below 600 cm -1 ., in the spectra of all of the complexes of both series, new bands 
appear that are not found in the spectra of the pure ligands. In the region, the spectra 
of the different homologues within a series differ from one another. This area offers 
the greatest hope for the correlation of the spectra with other properties of the 
complexes. 




Infra-red spectra of metal complex ions below 600 cm -1 —I 
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Table 2.—Infra-red frequencies of metal ion 1,10-phenanthroline complexes 
__ IN Cl FROM 2000 CM -1 TO 250 CM-1 

Phen Fe(phen) 3 Cl 2 Co(phen) 3 Cl 2 Ni(phen)jCl 2 Cu(phen)j(NOj )2 Zn(phen)j(NOj)j 




1667 (sh) 




1642 






1621 

1630* 

1625* 

1620* 

1620*/ 

1625* 11 




1602 

1605 

t 

1585 

1580 (sh) 

1588 

1578 

1585 

1588 

1565 






1508* 

1512 

1520* 

1520* 

1520* 

1520* 


1499 

1503 (sh) 

1498 (sh) 

1497 (sh) 

1501 (sh) 

1422* 

1435* 

1425* 

1421* 

1421* 

1430* 




1370 

1380 (NOj-)t 

1380(NO 3 -)t 

1344 

1335 

1347 

1339 

1340 (sh) 



1319 

1308 

1302 




1299 






1254 

1258 

1252 

1255 

1255 

1217 

1222* 

1222 

1221 

1223 

1221 




1208 

1207 

1209 

1183 

1193* 

1200 

1200 

1200 

1199 

1135 

1143* 

1140 

1140 

1143 

1143 


1105(36) 

1102* 

1100* 

1100 

1101 

1091 

1093 


1090 (sh) 

1091 (sh) 

1090 (sh) 

1077 

1055 






1037 






1007 





985 

991 






943 






914 




904 

883 


865 (sh) 

865* 

865* 

865* 

852* 


855 

850 



837* 

8451 

8451 

842* 

8471 

848* 

776 






772 

775* 

773* 

769* 

775* 

773* 

762 






738* 




732 


730* 

7261 

7251 

7231 

7221 

726f 

709 






626* 

645* 

643* 

645* 

644* 

643* 





620 

621 






603 

547 

559 

555 

545 


548 


530* 





511 


508 

506 

508 

511 



478 

483 


478 



440 

444 


457 

411* 


422* 

425* 

425* 

422* 




409 

410 

407 




393 

306 



297* 

288* 

299* 

300 

288* 




288 





256 

266 

262 M -'r 


* Indicates the more intense bands, 
t Indicates very intense bands. 
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DISCUSSION OF THE RESULTS 

For strong crystal field ligands, the maximum crystal field stabilization energy 
(CFSE) is for the d 6 electronic iron(Il) system with a subsequent linear decrease of 
the CFSE to zero from cobalt(II) through zinc(II) except for the Jahn-Teller 
stabilized d 9 system of Cu(II). Superimposed on this trend is the increasing electro¬ 
static attraction imposed by the decreasing ionic radii of iron(II) through Cu(II). 
Table 3 gives the log ft's (the cumulative formation constants, Bjerrum et al.W) for 
the two homologous series. Busch and Bailar <4) postulate that the log ft of the 
iron(II) complexes is enhanced by rc-bond formation from the metal ion to the 
heterocyclic aromatic ring ligand, and they cite the changes in the infra-red absorption 
spectra in the 1500-1700 cm -1 region as evidence to support this postulate. 


Table 3. 


Metal ion 

Log ft(dipy) (,) 

Log ft(phen ) ,7) 

Fe 2+ 

17-1 

21 5 

Co 2+ 

— 

20 1 

NP+ 

15 

23-9 

Cu 2 + 

17 9 

20-4 

Zn 2+ 

13 5 

170 


It might well be expected that this w-bond formation would be at a maximum 
when the de triplet is filled and theft) doublet is vacant as is the case in iron(II), 
and would rapidly diminish in its contribution to the bonding as the ft doublet is 
filled. This is amply borne out by the spectral evidence m the case of both the 
Fe(phen) 3 Cl 2 and the Fefdipy^Cft as the spectra of these complexes differ greatly 
in many respects from the spectra of the other members of the series. The increased 
stability of the iron(II) complexes on 7t-bond formation would be partially cancelled 
by the pairing energy required by the conversion of the electron configuration 
dWdWd* to that of dNMPdW 

The spectra of the cobalt(Il) complexes over the entire frequency range studied 
were quite similar to zinc(II) complexes and differed from the iron(II) complexes 
Zinc(II) with its defi ft 4 electron configuration would have but a minimum of ii-bond 
contribution to the metal ion-nitrogen bonds, hence, one would predict that the 
cobalt(II) nitrogen bonds possess little n- bond character. Consistent with this 
postulate is the measurements of Figgis and Nyholm< 5 > and Raglia and Sironi'^ 1 
who find that cobalt(II) in these complexes are high spin complexes rather than low 
spin complexes. Strong rc-bonds in the cobalt(II) complexes would be expected to 
give low spin complexes 

Banks and Bystoff* 7 suggest that the greater stability of the mckel(II) phenan- 
throline complexes relative to the copper(Il) case occurs because the rigid 
phenanthroline ligand does not permit the tetragonal distortion required by the 

<3 > J.Bjerrum, G. Schwarzenbach and L. G. Sillen, Stability Constants of Meta / Ion 
Complexes with Solubility Products of Inorganic Substances, Part I. Organic Ligands 
The Chemical Society, London (1957). 

D. H. Busch and J. C. Bailar, J. Amer. Chem. Soc. 78, 1137 (1956). 

(3 > Q. Ficon and Q. Nyholm, J. Chem. Soc. 338 (1959). 

<«> Q. Raglia and Q. Sironi, Gazz. Chim. Ital. 87, 1125 (1957). 

in C. V. Banks and R. I. Bystoff, J. Amer.-Chem. Soc. 81, 6153 (1959). 
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Jahn-TeUer stabilization of the d 9 copper(II) system. The spectrum of Cu(dipy)j(N0 3 )2 
does indicate some tetragonal distortion (i.e., the 625, 660 cm _ i bipyridine doublet is 
split into a 623, 638, 659 triplet in the copper compound), but the more rigid ligand 
phenanthroline indicates but little distortion by the evidence of the Cu(phen) 3 (N0 3 ) 2 
spectrum. 

The octahedral complexes would possess Z) 3 symmetry, and one could as a. first 
approximation regard the complex a seven body system of a metal ion and six 
nitrogen atoms interconnected pairwise. However, the experimentally covered 
frequency region would certainly not include all of the metal-hgand bond angle 
deformation vibrations; hence it does not seem profitable to attempt a complete 
vibrational assignment of the low frequency region on the basis of even this simplifying 
assumption. 

As the vibration of the ligands and the metal ion against one another would be 
expected to be the highest energy new absorptions appearing in the spectrum of the 
complex; the highest frequency new bands should be assigned to the metal ion- 
nitrogen stretch. The assignment in Table 4 is based on this assumption with the 
exception of the iron complexes. Because the spectra of the iron complexes differed 
greatly from the uncomplexed amines and also the other metal-ammine complexes 
in the NaCl region, the author believes that the bonding of the iron complexes differs 
from the bonding of the other complexes. The spectral evidence indicates that the 
degree of 7t-bonding is greater for the iron complexes and that the iron-nitrogen 
stretching vibrations are at 423 for the dipyndine complex and 530 for the 
phenanthroline complex. The fact that the stability constants of the iron complexes 
do not differ greatly from those of the other complexes can be explained by the fact 
that the enhanced overall stability due to rr-bond formation for these iron complexes 
is diminished by the energy required to pair the two electrons necessary to form these 
low-spin complexes. 


Table 4.—Suggested assignment for the metal ion-nitrogen stretch 

VIBRATIONS FROM THIS WORK 


Metal ion 

vme-N (dipy)cm -1 

v me-N (phen) cm ~ 1 

Fe 2+ 

423 

530 

Co 2+ 

264 

288 

Ni 2 + 

286 

299 

Cu 2+ 

297 

(300)* 

Zn 2 + 

280 

288 


* Average of multiple absorption 


Spectroscopic 

The infra-red absorption spectra were obtained with a Beckman Model IR-4 spectro¬ 
meter equipped with NaCl optics and with a Perkin Elmer Model 21 equipped with CsBr 
optics. All substances were examined as suspensions in KI pellets except for the Cu(II) 
compounds which oxidized the KI; for these substances KC1 and CsBr pelleting materials 
were used. All substances were also run as Nujol mulls, and the only areas of difference 
were the relative intensities of the 700-800 cm -1 bands. 
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Analytical 

All compounds were analysed for carbon, hydrogen, and nitrogen.* Since most of the 
compounds undergo decomposition on heating, melting points were not determined. The 
1,10-phenanthroline monohydrate and 2,2 / -bipyridine were obtained from the Distillation 
Products Industries and used without further purification 

For each of the following compounds the appropriate metal salt was dissolved in the 
minim um amount of water, and this solution was heated with a slight stoicheiometric excess 
of the amine until a single phase system was obtained. Upon cooling, crystals were obtained 
which were isolated by filtration through a glass fritted funnel, and the substances were 
recrystallised from hot water and stored over anhydrous sulphuric acid 

Tris-(2,2'-bipyridine)-iron(lI ) chloride pentahydrate (Found: C, 52-64; H, 4-97, 

N, 1215. Calc, for Fe(dipy) 3 Cl 2 5H 2 0: C, 52-55; H, 4 97; N, 12 27% ) 

Trisd2,2'-bipyridine)-cobalt(II) chloride hexahydrate. An aqueous solution of this 
compound took up oxygen changing colour from yellow-brown to dark brown The change 
was reversed upon the addition of an acid The compound was crystallized from dilute 
hydrochloric acid and stored in vacuo (Found. C, 51 09; H, 5 53, N, 12 12. Calc, for 
Co(dipy) 3 Cl 2 -6H 2 0: C, 50 90; H, 5 09, N, 11 85%) 

Trts-(2,2'-bipyrtdtne)-nickel(lI ) chloride hexahydrate. (Found C, 50 94; H, 4-96; 

N, 12 24. Calc, for Ni(dipy) 3 Cl 2 6H 2 0: C, 50 9, H, 5 09; N, 11 -90%) 

Tris-(2,2'-bipyridine ) -copperi fl ) nitrate monohydrate. (Found - C, 53 45; H, 4 06, 

N, 16-32. Calc for Cu(dipy) 3 (N0 3 ) 2 H 2 0- C, 53-45; H, 3-86; N, 16 61 % ) 

Tns-(2,2'-bipyrtdine)-zmc([I) nitrate tetrahydrate (Found. C, 51 41; H, 4 45; N, 15 15 
Calc, for Zn(dipy) 3 (N0 3 ) 2 -4H 2 0- C, 49 5; H, 4 39; N, 15 38%.) 

Tris-(l,10-phenanthrohne)~iron(ll) chloride heptahydrate. (Found C, 54-06; H, 4 81, 
N, 10-95. Calc, for Fe(phen) 3 CI 2 7H 2 0 C, 54 5; H, 4-79; N, 10 60% ) 

Trisd},W-phenanthrohne) cobaU{lI) chloride hexahydrate This compound also 
exhibited the oxygen sensitivity described for the tns(dipy) cobalt(II) chloride. This was 
minimised by crystallisation from dilute hydrochloric acid and storing in vacuo. (Found 
C, 55 03; H, 4-91; N, 10 93 Calc for Co(phen) 3 Cl 2 6H 2 0- C, 55-6; H, 4-63; N, 10 82% ) 
7>ir-( 1,1 0-phenanthrolme)-nickel(Il) chloride heptahydrate (Found- C, 53 78; H, 4 42. 
N, 10-45 Calc for Ni(phen) 3 Cl 2 7H 2 0. C, 54 1, H, 4-77; N, 10 51 % ) 

Tris-{ 1 , 1 0-phenanthrohne)-copper(ll) nitrate trihydrate The use of copper(II) chloride 
in preparation gave a bright green product that was insoluble in water The use of copper(Il) 
nitrate gave a pale blue product (Found- C, 56 79; H, 3 93; N. 14 23 Calc, for 
Cu(phen) 3 (N0 3 ) 2 -3H 2 0: C, 55-4; H, 3-83, N, 14 33% ) 

Tris-( 1 , 1 0-phcnanthroline) zinc (II) nitrate dihydrate. (Found C, 56-84; H, 3 55, 
N, 14-26. Calc, for Zn(phen) 3 (N0 3 ) 2 2H 2 0 C, 56 62; H, 3 66; N, 14 66%) 

Acknowledgement — The author wishes to acknowledge the generous assistance of his NBS 
colleague Dr. S. C Wait, Jr. in many useful and stimulating discussions 

* Carbon, hydrogen, and nitrogen analyses were carried out by the Galbraith Micro- 
analytical Laboratories, Knoxville, Tennessee 



J [ncng. Nud Own., 1962, YoL 24, pp. 777 to 789. 


Pm Ud. Prinnd in Rnplnwl 


ECHANGE HETEROGENE DTONS 1SOTOPIQUES SUR 

COLONNE 

APPLICATIONS RADIOCHIMIQUES: ' t 

SEPARATION DU PHOSPHORE-32 ET DU SOUFRE-35 SUR COLONNE 
DE SULFATE DE BARIUM 

M. Barrachina 

Divisidn de Quimica, Junta de Energia Nuclear, Madrid, Espagne 
{Received 7 November 1961) 

On sait que les sels inorganiques considdres comme insolubles, mis dans l’eau, se 
dissolvent partiellement jusqu’d ce que la concentration de leurs ions dans la phase 
aqueuse atteigne la valeur prevue par leur produit de solubility. II s’ensuit que dans 
ce phenomdne il y a un transport de matiere au travers de l’interphase solide-liquide, 
mitialement non compense, par lequel un certain nombre d’ions qui constituent le 
corps sohde passent en solution. Quand les concentrations d’equilibre sont atteintes, 
le transport des ions entre les deux phases, qui s’opdre d’une fagon permanente, 
a la memo valeur dans les deux sens. Le systdme physique ainsi constitue est un 
exemple d’equilibre stationnaire de transport, analogue & celui existant entre un 
liquide et sa vapeur a la pression partielle d’dquihbre. 

Ce transfert d’lons entre les deux phases a dte utilisd par Paneth et d’autres 
chercheurs,* 1 " 4 * en employant des indicateurs radiochimiques isotopiques avec les 
ions qui forment le compose insoluble, pour determiner les superficies de corps 
finement divises, tels que les precipitds On admet pour cela que le radioisotope 
ajoute & la solution contenant le corps se dilue isotopiquement avec tous ses ions 
existant dans la phase hquide et tous ceux qui forment la surface de la phase sohde. 

Ce meme phenomdne a ete applique par Kolthoff et d’autres* 5 ’ 6 > pour etudier 
l’influence de certains facteurs dans les processus de formation des cristaux qui 
constituent les precipitds d’interet analytique. 

Recemment, l’dchange isotopique hdterogene a ete employe par Sunderman, 
Meinke et d’autres,* 7 l0) pour separer un radioisotope determine d’une solution qui 
contient un melange complexe de radiodldments, par example, separation de l’iode 

ll) F Paneth, Elektrochem. 28, 113 (1922); F. Paneth et W. Vorwerk, Z. Physik. Chem . 
101, 445 (1922) 

il) R M Stow et J W. T. Spinks, Canad. J Chem. 33, 938 (1955). 

(,) R E Krehbiel et J. W. T. Spinks, Canad. J. Chem. 35, 294 (1957). 

,4) W. van den Heuvel, Proceedings of the Second International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1958, Vol. 20, p, 145. United Nations (1958). 

(s) I M. Kolthoff et C. Rosenblum, J. Amer. Chem Soc. 55, 2656 (1933); 56, 1264, 1658 
0934); 57, 597, 607, 2573, 2577 (1935); 58, 116, 171 (1936); I. M. Kolthoff et B. van’t 
Riet. Ibid. 63, 817 (1959). 

D. H. Lieser et A Fabrikanos, Z. Physik. Chem. 22, 246, 278, 398, 406 (1959). 

Wl D. N. Sunderman et W. W Meinke, U S. A.E.C. Report AECU-3846 (1955). 

I8) W. W. Meinke et D. N Sunderman, Nucleonics 13, No. 12, 58 (1955). 

" 1 D. N Sunderman et W. W. Meinke, Analyt. Chem. 29, 1579 (1957). 

Iu " W. J. Maeck et J. E. Rein, Analyt. Chem. 32,1079 (1960). 
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dans les produits de fission* 1 ®) e t de l’argent-111 du palladium irradi6.< 8 > La technique 
employ^ est tris simple; elle consiste k introduire dans la solution une maille de 
platine contenant une pellicule de chlorure d’argent, sur laquelle s’effectue l’6change 
de MS ions inactifs par les in Ag + de la solution* 8 * ou bien de mettre celle-ci en 
contact avec un precipite forme au pr6alable d’iodure d’argent.< 10 > 

Dans les applications anterieurement cities, et d’autres que nous ne commentons 
p aSj (ii-n> ^tant moins en rapport avec l’objet de ce travail, la technique opiratoire 
consiste toujours 4 mettre en contact d’un seul coup la phase liquide avec celle solide, 
ainsi l’ichange de l’isotope actif se verifie simultaniment sur tous les points de la 
surface du pricipite. 

Au contraire, les applications decrites de l’echange isotopique employant la 
technique de “la colonne” sont jusqu’ k present tris rares,* 3 - 4 * malgri l’efficacite de 
fixation supirieure qu’on peut obtenir Sans doute, cette faute duplications a ite 
motivie par deux causes: en premier lieu, par les difficult^ de manipulation que 
prisente l’emploi de produits finement divises pour le remplissage des colonnes, et 
en second lieu, par la grande tendance qu’on suppose que ces corps aient, en raison 
de leur grande superficie, a presenter des phenomkaes d’adsorption. 

Le present travail a pour objet d’mitier l’etude des possibility reelles qu’offre 
k la radiochimie ce type d’ichange opirant sur colonne, de meme qu’a la connaissance 
des facteurs qui jouent un role important tors de la fixation. 

II en resulte, d’apris les experiences priliminaires realisees, que des colonnes de 
precipitis de petite hauteur, infirieure a un centimetre, permettent I’dlimination 
complete d’un radioisotope d’une solution; on ne doit done pas surestimer les 
difficultds que prisente l’emploi de ces corps pour faire le remphssage de colonnes 
(grande perte hniaire de charge, debits faibles, etc.). Quand aux phenomenes d’adsorp¬ 
tion, il est k conseiller d’employer des pricipites cnstallins envieillis, ceux-ci devant 
presenter ces phinomines reduits au minimum. D’accord avec ce entire, le sulfate 
de barium fut choisi comme premier pricipiti k itudier.t 

PARTIE EXPERIMENTALE 

Reactifs 

Sulfate de barium pour rempltr les colonnes. Pour obtenir 50 g de BaSCL on part de 
52 4 g de BaCl2-2H20 que Ton dissout dans 800 ml d’eau distillee contenant 5 ml d’acidc ~ 
mtrique concentri; a la solution chauffee presque k ebullition, en agitant continuellement, 
on ajoute goutte 4 goutte 100 ml d’une solution aqueuse qui contient 28-3 g de (NH 4 ) 2 SO.» 
La precipitation terminee on continue d’agiter en chauffant pendant une beure. Une fois le 
pricipite depose, et la phase liquide decan tee, on ajoute 800 ml d’eau distillie et 1 ml d’acide 
nitrique concentre. Apris avoir agiti en chauffant pendant une heure on dicante k nouveau 
la phase liquide On effectue encore trois lavages par decantation en employant la meme 
quantity d’eau distillee. Avant l’emploi, ce precipiti est stocki une semaine dans le meme 
recipitent, submerge par une petite quantite d’eau distillee. 

t On emploie ici l’expression “d’ion isotopique actif ou inactif” pour distmguer le 
meme ion dans le cas ordinaire et dans le cas ou celuici comporte des isotopes actifs dans 
ses elements constituants. 

<»*> T. W. Olcott, U.S. A.E.C. Report AECU-3372 (1956). 

S. Ionescu, I. Neooescu et I. Gainor, Proceedings of the Second International Conference 
on the Peaceful Uses of Atomic Energy, Geneva, 1958, Vol. 20, p. 123. United Nations 
(1958). 

(u! A. Langer, J. Chem. Phys. 10, 321 (1942); 11, 11 (1943); Analyt. Chem. 22, 1288 (1950) 
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Solution neutre de SCV" de 1 mg/ml. Poser 1 -37 g de (NH+^SO* et dissoudre dans 
1 1. d’eau distill£e. 

Solution neutre de NaCl de 100 mglml. Peser 10*00 g de NaCl et dissoudre dans 100 ml 
d'eau distiltee. 

Acide nitrique concentri; N; 0-1 N; 0-01 N. Tous les reactifs employes sont Merck, 
pour analyse. 

Solution traceur de 35 S. Activity approximative 10 /tc/ml, pH 2, soufre-35 sous foraie 
sulfate. 

Solution traceur de 32 P. Activity approximative 5 /ic/ml, pH 2, on suppose que tout le 
phosphore-32 est sous la forme phosphate. 

Apparaillage 

pH metre Beckman, modele G, avec electrode de verre. 

D&ecteur G.M., Tracerlab, module TGC 2. 

Echelle de 100, JEN, module E-6. 

Colection de fiitres d’alumimum pour mesures d'adsorption beta, Tracerlab, module 
E-25. 

Balance semimicro Mettler 

Pompe 4 vide, 4 membrane, Jouan. 

Erlenmeyer k filtration de 1 1. 

Feuille flexible de plastique (polyethylene) de 0*1 mm d’dpaisseur. 



Fra. 1.—Montage des colonnes de precipites. 
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Me,h frSparation des colonnes de sulfate de barium. On emploi le dispositif repr6sent6 sur 

!a Figure 1, ob: .... , , 

A recipient destine a contenir le liquide qui doit passer sur la colonne. 

B = tube de verre de 8 mm de diametre mtdrieur dans lequel on forme la colonne de 
BaS04. 

C = papier filtre k pores fins. 

D - lamelle de polyethylene ou de chlorure de polyvinyle avec de nombreux trous de 
tr£s petits diametres. On peut employer aussi de la lame de polyethylene. 

E - tube de verre etrangie au centre, sur lequel on fixe la lamelle D. La laine de 
polyethylene substitue D et E, 

F = tube capillaire. 

G = petit recipient pour coOecter les fractions. 

Pour preparer la colonne on enieve le recipient A et on remplit le tube B avec la quantite 
necessaire de la suspension de BaS0 4 , on evacue l’eau au moyen d’un leger vide effectue 
dans l’Erlenmeyer, et on entraine le precipite qui adhere aux parois du tube avec de l’eau 
et en s’aidant d’une petite tige de verre On lave par l’eau en reglant le debit k 6-8 ml h~> 
cm -2 . 


Les colonnes de BaS0 4 amsi prepays ne permettent pas le passage de l’air meme si 
elles manquent de liquide, car I’eau retenue dans le BaS0 4 par capilarite agit corrune une 
valve fermant la colonne dans le domaine de depression necessaire pour obtenir les debits 
mdiques 


Caractiristiques des colonnes employees 
Hauter du precipite = 1 cm 
Section de la colonne = 0-5 cm 2 
Densite apparente = 2-2 5 g de BaS0 4 /cm 3 de colonne 
Volume de phase aqueuse dans la colonne = 0-32 ml/g de BaS0 4 
Debit = 6-8 ml/h cm 2 
Superficie du BaS0 4 =- 1 3 x 10 4 cm 2 /g 

Relation des ions S0 4 2 ~ en surface des cnstaux de BaS0 4 , au total des ions S0 4 2 
dans le BaS0 4 , approximativement, 1 pour 1000 


Experiences reahsees avec les colonnes de BaS0 4 

On a etudie les quatre types de probiemes suivants. 

(a) Facteurs qui influent lors de la fixation de l’ion 35 S0 4 2_ sur la colonne de BaS0 4 

(b) Adsorption sur la colonne des ions non isotopiques ( 32 P0 4 3- ). 

(c) Elution des ions 35 S0 4 2_ fixes prealablement sur la colonne 

(d) Separation des ions 32 P0 4 3- et 35 S0 4 2_ 

Pour etudier la fixation de l’ion 35 S0 4 2- sur la colonne on a fait passer a chaque fois 
des solutions marquees avec 1 pc de soufre-35 dans un volume total de 4 ml, sauf quand on 
etudie l’mfluence du volume; une fois la solution active pass6e, on a lave la colonne avec 
0-5 ml d’eau distillee La distribution de l’activite du soufre-35 sur la phase solide de BaS0 4 
a ete determinee par une technique autochromatographique semblable a celle decnte par 
Krehbiel et Spinks,* 3 ' qui consiste & extraire la colonne de precipite, la couper en fragments 
de poids adequat selon la distribution de i’activite que Ton prevoit, former une couche 
d’epaisseur homogene avec chaque fragment dans une coupelle tarie, secher k 130 C a 
l’etuve, peser, mesurer l’activite et la corriger en tenant compte de 1’autoabsorption. 

II en rdsulte dans ces conditions, loin de la saturation de la capacite de la colonne, que 
1’activite du soufre-35, expnmee en cpm/mg de BaS0 4 , k differentes hauteurs de colonne, 
suit une loi approximativement exponentielle; pour cette raison on a adopts la representation 
semi-loganthmique de la Figure 2, qui donne une droite bien ddfinie, dont la pente permet 
de caracteriser Failure de la fixation sur chaque essai. A partir de la valeur de la pente trouvee, 
p, on peut calculer la hauteur de colonne qui fixe la moitie de l’activite passe sur colonne 

„ , , „ -0 693 

Ey (g/cm 2 ) - - 

P 

et avec cette valeur on peut prevoir la hauteur necessaire de colonne qui eiimine de la solution 
le pourcentage desire. —^ 
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Pour des conditions exp^rimentales diffdrentes de cellcs dterites ci-dessus, on verra 
que la representation exponentielle n’est plus vaiabie, Figure 3, et que les courbes de fixation 
suivent Failure clasique de cdles de saturation dans les phenomenes d’6change ionique. 



Fio 2 —Distribution de l’activiti du 35 S0 4 2- dans une colonne de BaS0 4 pH 
de fixation = 2, concentration de S0 4 J ~ - 25 pg/ml. 



Fig 3.—Courbes de saturation des colonnes de BaS0 4 pour la fixation du 
35 S0 4 2- avec entraineur. 

Courbel: 5 /jg S0 4 2 ~/ml 

Courbe II. 10 fig S0 4 2 ~/ml 
Courbe III: 20 S0 4 2 -/ml 
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Pour 6tudier 1’adsorption qu’une colonne de ce genre present e pour des ions non iso- 
topiques on a employe des solutions marquees par 0-5 pc de phosphore-32. On a choisi 
ce radioisotope pour la frequence avec laquelle il est accompagnd du soufre-35 dans les 
proc^des respectifs de production dans un reacteur et parce qu’on a jamais donn6 une 
mdthode facile pour la purification totale de 1’un par rapport & l’autre avec un rendement 
deve. 

On a jug6 qualitativement 1'importance de 1’adsorption a partir de la forme des courbes 
d’activity effluant de phosphore-32 en fonction du volume pass& Citons dans ce cas, comme 
dans celui oil on etudie l’elution du 35 S0 4 2- , que les solutions passtes sur colonne contenaient 
10 mg/ml de NaCl, ayant pour objet de determiner par pesee de l’extrait sec le volume de 
chacune des fractions collectees. Les fractions receuilhes dans le collecteur ont 6t6 transferees 
dans des coupelles tarees, sechees a 1’etuve, pesees, et leur activity mesurde. Si le residu sec 
est grand, on fait la correction due a l’autoabsorption. 

DISCUSSION DES RESULTATS 

Influence du pH dans la fixation de l'ion 35 S0 4 2_ sur la colonne de BaS0 4 

Sur la Figure 4 on a reprdsente les resultats experimentaux d’une sdrie d’essais de 
fixation oil l’unique variable est le pH de la solution de passage sur colonne. Pour 
des pH inferieurs a 2, les valeurs qui figurent en abscisses ont etd ddduites de la 
normality de l’acide nitrique employe pour preparer les solutions 



Fig. 4.—Influence du pH dans la distribution du 35 S0 4 2- sur colonne de BaS0 4 . 

Comme on peut le voir, la fixation de l’ion 35 S0 4 2- sur la colonne a lieu tout au 
long de la zone de pH oil le BaS0 4 est stable: quand l’aciditd est superieure 4 0-1 N. 
la longueur de la colonne necessaire pour dimmer le soufre-35 de la solution augmente 
brusquement, ceI4 est dfl 4 ce que dans ces conditions, le BaS0 4 commenqant 4 se 
dissoudre, il y a une augmentation de la concentration des ions sulfate dans la phase 
liquide, d’oii une diminution de la probability d ! £change entre les ions sulfate actifs 
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de la solution et les inactifs de la surface de la phase solide. .Pour des concentrations 
d’acide aitrique N ou supdrieures on peut consider, du point de vue de cet ^change, 
que le BaSC >4 est instable, puis qu’il y a un certain d£s 6 quilibre de transport des ions 
sulfate, k travers de l’interphase, favorable k la phase liquide. D’autre part, pour 
des acidit^s yievdes le soufre-35 doit se trouver compl^tement sous forme d’acide 
sulfurique, ou, au moins, d’ion SO 4 H", qui ne serait pas facilement ^changeable avec 
les ions S0 4 2- du r^seau cristallin. 

Influence de la concentration des ions SO 4 2- inactifs dans la fixation des ions 35 S 04 2 ~ 
sur la colonne de BaS 04 

Sur la Figure 5 on a reprdsent 6 les rdsultats expdrimentaux d’une s 6 rie d’essais 
de fixation h pH 2, oil l’unique variable est la concentration des ions SO 4 2- dans la 
solution active de 35 S 04 2- qui est passde sur la colonne 



Fio. 5.—Influence de la concentration du SCV dans la distribution du 35 SC> 4 2 “ 
sur colonne de BaS0 4 . 

On s’apperqoit imm 6 diatement du role ddcisif que joue la concentration de 
1’entraineur sur la hauteur de colonne ndcessaire pour fixer l’activitd du soufre-35. 
Pour des grandes concentrations en entraineur la colonne se comporte comme si 
elle dtait permeable aux ions actifs, ceci est dCk a ce que la probability qu’ont les ions 
‘'SO 4 2- d’etre Changes lors de leur passage a travers la masse de BaS 04 est petite, 
el P ar consequent dans la solution eilluente on peut toujours trouver ceux-ci en 
quantity. 
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Au contraire, quand la concentration d’entraineur est faible, I’efBcacitd de la 
colonne pour la fixation augmente rapidement. Etant donnd que la concentration 
minimum d’entraineur k laquelle on peut faire la fixation est celle du produit de 
solubilitd du BaS0 4 , la hauteur de colonne pour cette valeur, que Ton peut ddduire 
approximativement de 1’ordonnde k l’origine du graphique, sera une donnde importante 
dans toutes les fixations de soufre-35 sans entraineur 

A la difference des dchangeurs d’ions ordinaires qui ont une capacity ddfinie de 
fixation, les colonnes de precipites presentent une capacity pour fixer leurs ions 
isotopiques actifs que depend de la relation oil se trouvent ceux-ci par rapport aux 
mactifs dans la phase liquide et du nombre total d’lons dans cette phase au total 
d’lons du meme genre formant la surface de la phase solide 

Des essais de fixation realises en ajoutant 1 mg/ml d’lon P0 4 3- ont ddmontre 
que la presence de cet ion n'a aucun effet sur la fixation de 1’ion 35 S0 4 2- sur la colonne 

Ditermination de la capaciti maximum d'une colonne de BaS0 4 pour fixer l'ion 35 S0 4 2- 
Sur la Figure 3 on a represent^ les resultats de fixation a pH 5 de trois solutions 
de 25 ml de volume contenant 5, 10 et 20 pg/ml d’lon S0 4 2 ~ marque avec du 35 S0 4 2 ~ 
Avec ces courbes on peut determiner graphiquement la capacite de ces colonnes pour 
fixer l’ion 35 S0 4 2_ 11 suffit pour cela de mesurer la surface s comprise entre Tune 
des courbes I ou 11, et l’axe d’abscisses et la rapporter a la “surface de saturation” 
S represents par le rectangle ABCD. La capacite maximum vient donnee par la 
formule suivante; 

S N 

Capacite max (c/g BaS0 4 ) = — 

s n 

oil, N est le nombre de pg totaux d'lon S0 4 2- passds sur colonne, et n, le nombre de 
pg d’ion 35 S0 4 2 " portant un curie. 

Des courbes I et II de la Figure 3 on obtient que 1 g du BaS0 4 employd peut 
dliminer d’une solution 9-10 c de soufre-35 sans entraineur sous forme sulfate 



Fio. 6.—Influence du volume de solution active passde sur colonne dans la 
distribution du 35 SQ 4 J~. Activitd constante. 
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Influence du volume de solution active passie sur colonne dans la fixation des ions 
35S0 4 2 " sur le BaS0 4 

Sur la Figure 6 on a reprise nt£ les resultats experimentaux d’une sdrie d'essais 
de fixation a pH 2 sans entraineur, oil la seule variable est le volume dans lequel on 
a dilu6 la solution active. On a observe que lorsque les volumes passes sur colonne 
sont 61ev6s, les resultats experimentaux ne satisfont pas correctement la loie exponen- 
tielle proposee. Cependant, on peut deduire du graphique que la capacity de fixation 
de la colonne dinunue leg£rement a fur et 4 mesure que le volume dans lequel est 
contenue la solution est grand. Ceci parait indiquer que la concentration des ions 
S0 4 2- en dquibbre avec le BaS0 4 produit un certain effet d'autoelution proportionnel 
au volume passd. 



Fig. 7.—Activite du 32 P 04 3 “ effluent d’une colonne de BaSCh 

Adsorption des ions 32 P0 4 3 ~ sur colonne de BaS0 4 

Sur la Figure 7 on a represente les resultats obtenus en faissant passer sur la 
colonne une quantite totale du 32 P de 0 5 pc dans 4 ml, a pH 1, et 4 pH 6, et en 
mesurant l’activit6 des effluents; on emploi comme solution de lavage une solution 
de NaCl 4 10 mg/ml au pH correspondant. Les courbes obtenues aux valeurs du pH 
comprises entre les deux cities plus haut presentent une evolution graduelle de formes 
entre les deux representees. 

La courbe I est typique d’un ion actif qui passe sur la colonne sans y subir aucune 
interaction. La colonne est, dans ces conditions, permeable pour le 32 P en tant que 
phosphate. La courbe II indique, au contraire, qu'4 pH 6 la colonne exerce un fort 
effet cromatographique au passage de l’ion 32 P0 4 3_ . Ceci implique, pour autant, 
que l’adsorption des ions P0 4 3- augmente progressivement avec le pH. Cependant, 
on Pent considerer que lorsque le pH est inferieur 4 3, l’ion 32 P0 4 3 “ passe quantitative- 
nent sur la colonne sans subir une perte apreciable d’activite. 



786 


M. Barrachina 


Elution des ions 3 5S0 4 2 ' fixes sur la colonne de BaS0 4 avec une solution inactive de 
S0 4 2- de 0-1 mg I ml 

Sur la Figure 8 on a repr&ente la courbe dilution 4 pH 6 de l’ion 35 S0 4 2_ qu’on 
avait pr^alablement fixe sur la colonne au meme pH. 



Fio. 8.—Elution du 15 S0 4 2 _ fixe sur colonne de BaS0 4 avec solution de S0 4 2- 

(0 1 rag/ml). 


Cette courbe a de 1’importance au point de vue du mdcanisme de l’echange 
isotopique hetdrogdne, car elle demontre que les ions 35 S0 4 2_ restent deposes sur la 
surface des cnstaux qui foment la masse de BaS0 4 , d’ou ils peuvent etre remplaces 
par les ions S0 4 2 ~durant lelution 

La longue queue que ces courbes presentent peut etre dfle, pour une part, 4 la 
nature purement statistique, meme affinity par laquelle opdre la solution dluante, et 
d’autre part, 4 la diffusion possible des ions 35 S0 4 2- vers l’interieur des cnstaux de 
BaS0 4 , qui seraient alors plus difficiles 4 eluer. L’effet de la diffusion depend, 
naturellement, du temps passe entre la fixation et l’elution. 

Importance de la diffusion des ions S0 4 2- dans les cnstaux de BaS0 4 

On prepare du BaS0 4 marque avec una quantity connue de soufre-35, suivant la 
m^thode de precipitation d6cnte, et on emploie ce prdcipitd, au lieu de 1’inactif, pour 
fomer une colonne d’environ 5 mm de hauteur. Sur la colonne ainsi obtenue, apres 
l’avoir lavee avec de 3’eau distillee, on fait passer une solution qui contient 1 mg/ml 
de 1’ion S0 4 2- et 10 mg/ml de NaCl, 4 pH 6; reparation terming, on lave 4 nouveau 
la colonne avec de l’eau distillee. On a represent^ sur la Figure 9 la teneur en soufre-35 
de la solution effluente. 
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Fig. 9 —Elution du 3 8 S0 32- du Ba*S 04 avec solution de S0 4 2- (1 mg/ml). 

Hauteur de colonne ~ 5 mm. 

On a r£p£te deux fois sur la meme colonne le passage des solutions ddcrites 
anteneurement en laissant s’ecouler entre chaque operation l’intervalle d’un jour. 

Les trois courbes d’elution obtenues ont la meme forme et correspondent k la 
meme activity totale que celle reprent^e sur la Figure 9. II est a noter le palier 
horizontal qu’elles presentent a partir d’un certain volume 61ue. Ces courbes peuvent 
s’interpr6ter de la facon suivante; 

(a) Le maximum de la courbe correspond k l’dlution des ions 35 S0 4 2_ que les 
cristaux de la masse de BaS0 4 possedaient “in situ” formant leur surface. 

(b) Le palier horizontal correspond a l’&ution des 10 ns 35 S 04 2- qui diffusent 
depuis 1’intdrieur du cnstal vers la couche externe du meme cnstal, d’oii lls sont eiues. 

(c) La colonne laissee en repos un certain temps, la distribution des 10 ns 35 SC> 4 2 ~ 
est homogendisee a nouveau par diffusion sur la surface et k 1’intdrieur des cristaux 
et il est possible de retrouver la courbe d’elution (Figure 9)de l’operation pr6c6dente. 

Les courbes tracees a la suite de ces essais ont de 1’interet pour la determination 
des coefficients de diffusion. En ce qui nous concerne, les donnees radiochimiques, 
les donnees cnstallographiques du BaS0 4 et la superficie total de la masse de BaSC >4 
employee, nous ont permis d’attnbuer au coefficient de diffusion des ions S0 4 2- 
dans le BaS0 4 une valeurde l’ordre de I0~ 19 cm 2 /seg. (6 > 15) Amsi, si on laisse s’ecouler 
peu de temps entre la fixation et l’eiution, la diffusion a une importance tres secondaire. 

Separation des ions 32 P 04 et 35 S0 4 sur colonne de BaS0 4 

Sur la Figure 10 on a represente l’activite effluente d’une colonne de BaS0 4 sur 
laquelle on a fait passer una solution active qui contenait le melange d’ions 32 PC> 4 3_ 
et 35 S0 4 2 ~, k pH 2. 

U4) E. D. McClanahan, U.S. A.E.C. Report HW47676 (1959). 

(l5) J. Crank, The Mathematics of Diffusion, p. 2. Clarendon Press, Oxford (1956). 
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Fig 10.—Separation du ' 2 PO-V et du 15 S0 4 2_ sur colonne de BaS0 4 . 

La courbe I, de forme rectangulaire, correspond a l’activite du phosphore-32 que 
passe sur la colonne sans subir de fixation ni d’adsorption et par consequent, ll en 
r^sulte aucune dilution de son activite 

Le volume elue compris entre v 0 et vj correspond au lavage avec I'acide mtrique 
0-01 N que Ton effectue apr£s avoir passe la solution active. 

La courbe II correspond a l’elution de l'activite du soufre-35 fixe sur la colonne, 
en employant comme solution eluante 0 2 mg/ml de S0 4 2 ~, a pH 2 

On a verifie par adsorption b6ta et determination de la penode sur diverses 
fractions collectdes que les especes radiochimiques amsi sdpar&s ne presentaient 
aucune contamination mutuelle. 

II faut noter que cette separation est specialement interesante pour determiner 
ou purifier le phosphore-32 contenu dans le melange, car l’61ution de soufre-35 ne 
peut 6tre considdree comme quantitative (iongue queue d’elution), et en plus, le 
produit obtenu a une activite specifique tres basse. Si le but recherche est de determiner 
ou de purifier le soufre-35 on doit employer alors une colonne qui soit isotopique avec 
le 32P0 4 3_ . Dans ce sens, nous avons employe avec succ£s des colonnes de BiP0 4 
et la solution 4 passer sur colonne etant a pH 10 Dans ces conditions le 35 S0 4 2 ~ 
ne se fixe pas, ni s’adsorbe pas, tandis que tout le 32 P0 4 3 ~ est retenu 

CONCLUSIONS 

Nous resumons dans ce qui suit les aspects les plus remarquables de 1’echange 
isotopique hdterogfene (en abrege EIH) mis en evidence dans ce qui pr£c£de 

(1) L’EIH est un phenomene qui consiste au transport ininterrompu d’lons 
isotopiques k travers 1’interphase du systeme. 

(2) Le nombre total d’ions transports par unite de temps et unite de superficie 
de l’interphase controle la cin^tique de 1’echange d’un ion isotopique actif avec ceux 
de la colonne. 

(3) En employant des precipites cnstalhns envieillis, la surface des cristaux est 
la seule partie a jouer un rdle important pour l’EIH. La participation que peut avoir 
la partie intdrieure des cnstaux depend de la valeur qu’a le coefficient de diffusion du 
cristal pour ses propres ions et du temps-du processus. 
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(4) L’EIH pratique sur colonne profite de la dilution qu’opere cet ^change sur 
un ion isotopique actif entre les deux phases du syst&ne, et permet de “1’arrSter” de 
fa?on la plus effective sur la phase solide, la phase liquide effluente restant exempte 
de lui. 

(5) La sp6cificite de l’EIH est due k la selection qu’opfere le rdseau cristallin du 
precipite sur les ions qui peuvent eventuellement former partie de celui-ci. Dps 
reactions d’autres ions actifs qui conduisent a les fixer sur la colonne peuvent diminuer 
cette specificity, tel la formation de composes isomorphiques, la formation de com¬ 
plexes, l’hydrolyse, l’adsorption, la diffusion, etc. 

(6) L’interet de l’EIH reste limite en pnncipe a la radiochimie, car seulement 
I'emploi de radioisotopes rend cet ^change visible ou profitable 

(7) L’EIH sur colonne peut substituer avantageusement dans quelques cas les 
precipitations avec entraineur employees en analyse radiochimique. 

(8) L’EIH sur colonne peut etre utile dans le champ de production de radioisotopes 
artificiels pour eliminer des impuretes radiochimiques. 

(9) Le grand nombre de composes insolubles qui peuvent s’employer “comme 
masse de resine” ouvre un champ interesant de travail dans ce sens & la radiochimie. 

-Je tiens 4 remercier ici le Prof R. F. Cellini et M. M G. Dominguez et Fe de 

la Cruz, par leurs encouragements et leurs conseils, grace auxquels ll nous a 6te possible 
de mener 4 bien ce travail 
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THE CRYSTAL STRUCTURE OF 
DI-IODODI-(o-PHENYLENEBISDIMETHYLARSINE) 

PLATINUM(II) Pt(C 6 H 4 [As(CH 3 ) 2 ] 2 ) 2 l 2 ' , 

N. C. Stephenson 

Department of Chemistry, University of New South Wales, Sydney, Australia 
(Received 11 July 1961, w revised form 20 November 1961) 

Abstract—The structure of the compound Pt(CsH4[As(CH 3 )j2)2l2 has been determined by 
X-ray diffraction methods The substance crystallizes in the monoclinic system, space 
group P2ii e (Cl,) with a = 9-68 A, b - 9 27 A, c = 17-27 A, /? = 114 30' (all to i per cent), 
Z - 2. The calculated and observed densities of the compound are 2-25 and 2-26 g cm -3 
respectively. 

The atomic co-ordinates were refined by successive Fourier difference maps using the 
(hoi) and (okl) data. The structure consists of discrete molecules packed together in the 
crystal lattice. The central divalent platinum atom is surrounded by four arsenic atoms in 
a square plane and at distances of 2 38 A The two iodine atoms complete a distorted 
octahedral arrangement with elongated metal iodine bonds of 3 -50 A. The nature of the 
bonding is briefly discussed. 

While investigating the complexes of the chelate group o-phenylenebis- 
(dimethylarsine), denoted by diarsine, the reaction 

[M(diarsine) 2 ] 2+ + X“ -► [M(diarsine)X 2 ] + 

where X = Cl, Br and 1, and M = Pd and Ni, was observed <>> to occur in non- 
aqueous ionizing solvents such as nitrobenzene. Complexes of the general formula 
[M(diarsine) 2 X]C10 4 were isolated from acetone solutions. The metal apparently 
exist as five covalentions in nitrobenzene solution, for the perchlorates function as 
um-univalent electrolytes in this solvent. 

The compound Pt(diarsme) 2 I 2 also behaves as a um-umvalent electrolyte in 
nitrobenzene solution, presumably forming the ions [Pt(diarsine 2 T] + and 1". The 
usual stereochemistry of divalent platinum is that of a square-planar arrangement 
and for this reason the structure of di-iododi-(o-phenylenebisdimethylarsine) platinum 
(II) has been investigated. 


EXPERIMENTAL 

A single crystal of the compound was obtained by slow evaporation from a nitrobenzene 
solution. An examination of the reciprocal lattice with a Buerger precession instrument 
revealed a monoclinic ceil with dimensions a ^ 9 68 A, b = 9 27 A, c = 17-27 A, 
/( = 114°30' (all to | per cent). 

The density of the crystals at room temperature was measured by flotation in a methylene 
iodide-benzene mixture (p ob , = 2-26 g cm -3 ). Two molecules of the diarsine complex per 
unit cell give a calculated density of 2-25 g cm -3 . 

The only absent spectra were (hoi) with / odd and (oko) with k odd. The space group 
IS thus Cl,~P2ilc. 

C. M. Harris, Ph.D. Thesis, Sydney (1955). 
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Three hundred reflexions were recorded with the Buerger precession camera (u = 30' , 
F = 6 000 cm, S =■ 26-0 mm, AMota = 0 7107 A). Ilford G film was utilized in timed 
exposures for the (hoi) and (okl) levels which gave an interfilm density ratio of 10:1. The 
intensities were measured photometrically and corrected for the polarization and asymmetric 
Lorentz factors according to Waser.< j > Square roots were then taken in order to obtain the 
moduli of the observed structure factors. 

DETERMINATION OF THE STRUCTURE 

The two platinum atoms in the unit cell were placed in special position 000 and 
OH viz, position a of space group No 14. Their contributions to the structure factors, 
although always at a positive maximum, were not enough to completely determine 
phases. Consequently, two dimensional Patterson functions were computed at 6° 
intervals on the 010 and 100 planes. The very heavy Pt-I vectors enabled the iodine 
atom to be located and by shifting the origin to the centric 1-1 vector the co-ordin¬ 
ation of the arsenic atoms were obtained. 



0 


Fig 1 (a) —The (hot) Patterson function, showing the very heavy Pt-I 

vector peak 

Fig. 1 (b) —The first (hoi) Fourrier map showing resolution of the arsenic 

and iodine atoms 

Contours on an arbitrary scale; negative contours omitted. 

Further information to assist in assigning phases was obtained from the moduli 
of the observed (hoi) and (okl) structure factors for the related palladium and nickel 
compounds. The series of compounds of the formula M(diarsine) 2 I 2 where M = Pt, 
Pd and Ni, proved to be isomorphous and have the following cell dimensions 
The intensity data fer each compound were placed on an approximate absolute scale 
by the method of Wilson and the resulting sets of structure factors, for correspond¬ 
ing zones, examined. Since the heavy metal atoms (M) are located at the origin their 

,2) J. Waser, Rev. Sci. Instrum. 22, 567 (1957) 

(3 > A. J. C. Wilson, Nature, Lond. 150, 152T1942). 
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contributions to the structure factors, viz. F(M) will always be positive and except for 
very small values of F(Pt) the phase angles of F(Pt) are zero if F(Pt) > F(Pd) > F(Ni) 
orxif F(Pt) < F(Pd) < F(Ni). 



Pt(diarsine)2l2 

Pd(diarsine)2l2 

Ni(diarsine) 2 l 2 

a A 

9-68 

9-64 

9-49 - 

bk 

9-27 

9-24 

9-25 

c A 

17-27 

17-23 

16-94 

p 

114°30' 

114°0' 

114°0' 


The information obtained by these methods enabled the signs of a large number 
of observed structure factors to be determined and the resulting Fourier projection 
on the 100 and 010 planes yielded co-ordinates for the heavy atoms. The light carbon 
atoms were located and the co-ordinates of all atoms were then refined by successive 
difference Fourier projections The final atomic co-ordinates are listed in Table 1. 
These co-ordinates were used to compute the final calculated structure factors which 
are listed in the appendix for comparison with the moduli of the observed structure 
factors An overall isotropic temperature factor B(okl) — 2 79 A 2 was used in this 
calculation for the (okl) zone of reflexions. The scattering curve for iodine for the 
[hoi) zone of reflexions was represented by / = f 0 exp[— {a.+(h\n 2 (4>—*p)}S 2 ] where 
a - 2-7, fi — 3-4, i j/ — 102° were determined directly from the difference maps. (4) 
Isotropic thermal parameters of 2 8, 3-1, and 3-1, were used for platinum, arsenic 
and carbon respectively 


TABLt 1 —Final atomic co-ordinates 



X 

y 

2 


X 

y 

z 


a 

b 

C 


a 

b 

c 

Pt 

0-0000 

0 0000 

0 0000 

Ca 

0 935 

0 930 


Asi 

0 2083 

0 1624 

0 0590 

Cs 

0 200 

0 029 

3uSu9Ull 

As 2 

0 0715 

0 9164 

0 1419 

c„ 

0 227 

0 025 

0 290 

I 

0 2050 

0 7384 

0 9451 

c 7 

0-342 

0 109 

0 347 

c, 

0 149 

0-347 

0 031 

c 8 

0-438 

0 194 


Cl 

0 359 

0 141 

0 021 

c. 

0-398 

0 217 


c, 

0-188 

0 756 

0 171 

Cio 

0 267 

0 136 



The Reliability Index R, calculated over all reflexions was 0 10. 


THE PRECISION OF THE FINAL ATOMIC CO-ORDINATES 

An approximate estimate of peak curvature was obtained by making assumptions 
which are not strictly valid, firstly that the peak shape is given by t] r — rj 0 exp(-pr 2 ) 
and secondly that the errors are independent of orientation. The above expression 
was normalized so that the area under the curve represented the atomic number of 
the atom concerned and values for the second differential were calculated. Valves of 
p were obtained for circular, resolved atoms by calculating the one dimensional 
shape transforms of the appropriate atomic form factors which had been corrected 
for temperature effects. The values of p for arsenic, iodine and carbon curves are 
54, 5-4 and 4-6, giving standard deviations in atomic co-ordinates of 0 002 A, 0-001 A 
and 0-03 A respectively. 

U) W Cochran, Acta Cryst. 4, 81 (1951). 
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DISCUSSION OF THE STRUCTURE 

New co-ordinates were assigned to each atom, referring them to a set of or¬ 
thogonal axes a, b, and c\ c' being taken perpendicular to the a and b crystal axes. 
These co-ordinates were expressed in Angstrom units and enabled bond distances 
and angles to be readily calculated. 

The environment of the platinum atom, as it exists in the crystal, is depicted in 
Fig. 2. The bond lengths and angles are given both in Fig. 2, and Table 2. 
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Fio. 2.—Diagram of the di-ioclodi-(o-phenylenebisdimethylarsme)platinum(II) molecule 


Table 2 —Intramolecular interatomic distances and angles 



A 


A 


A 

Pt-As i 

2-38 

AS 2 -C 3 

1 81 

C 6 -C 7 

1 38 

Pt-A$2 

2-38 

AS 2 -C 4 

1 94 

Cr-C 8 

1-33 

PtI 

3 50 

AS 2 -C 8 

1 79 

C 8 -C 9 

1-50 

Asi~Ci 

1-81 

Asi-Cio 

1 99 

C 9 -C 10 

1-43 

AS 1 —C 2 

1 84 

c 5 -c 6 

1 37 

C 10 -C 3 

1-31 

Asi 

-Pt-As2 

86°6' 

As 2 -Pt-I 


84°48' 

Asi 

-Pt-I 

85°30' 

As 2 -Pt-Asi 


93°54' 

Deviations of atoms from the plane of the benzene ring 0-670 x 

-0-740 y+0 0692 z = 0 241 

c s 

jjjSjjFgEKl 

c. 


Pt 

0 241 A 

c 6 

Bgjjfj jHg 

C 10 

0122 A 



c 7 

towS VC 

Asi 

0-226 A 



C 8 


As 2 

0-269 A 




It is evident that the configuration around the Pt(II) atom is that of a slightly 
distorted octahedron; four arsenic atoms in a plane and each at a distance of 2-38A 
from the platinum atom and two iodine atoms at longer distances of 3-50 Ain octa¬ 
hedral sites. The equation of the platinum-arsenic plane is 0-721 x— 0-680 >>—0*132 2 - 
0, each atom lying completely in this plane. The As—Pt—As angles have estimated 
standard deviations of 0-07° and the slight deviations of these angles from 90° arc 
significant. The Pt—I bond is inclined 7° to the normal from the platinum-arsenic 
plane, this distortion undoubtedly being-due to the proximity of the benzene ring of 
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an adjacent molecule. The distances of the Q and C 7 atoms of this ring from the 
iodine are 3*81 A and 4-10 A, compared with the sum of the van der Waal’s radii for 
methyl group and iodine atom (2-0+2-15 = 4-15 A). 

The Pt-As bond distances, each at 2-38 A are less than the sum of the square 
covalent radius for platinum (II), and the tetrahedral covalent radius for arsenic 
(1 -31 +1 • 18 = 2-49 A). Although the Pt-I bond distances of 3 -50 A are considerably 
greater than the covalent sum for these atoms (1-31 + 1-33 = 2-64 A), they are less 
than the non-bonded distance of 4-27 A. This latter figure is obtained by adding to 
the ionic radius of the iodide ion (2-20 A) the van der Waal's radius of the platinum 
atom, taken as one half of the separation distance of adjacent PtCl 4 ions (2-07 A) in 
the compound KjPtCl* < 5) Also Pauling < 6 > has observed that the van der Waal's 
radii of many elements exceed the corresponding single-bond covalent radii by 
between 0-75 to 0-83 A which in this case would give platinum a van der Waal's 
radius of 2-06-2-14 A. 

The plane of the benzene ring is given by the equation 0-670x—0-740y+0-069z= 
0-241 and inclined to the platinum-arsenic plane by 12°30'. It is doubtful if the posi¬ 
tions of the carbon atoms deviate significantly from this plane. The As-C bond 
lengths indicate normal covalency whilst in the benzene ring the bond lengths are 
consistent with the aromatic carbon-carbon bond distance of 1 -39 A. 

The structure thus consists of discrete molecules of Pt(diarsine) 2 l 2 - A square 
Pt(II) complex, eg. [Pt(diarsine) 2 ] [C10 4 ] 2 has a platinum atom which is using the 
square bonding orbitals 5d6s6p 2 . This leaves a vacant 6 />-orbital normal to the plane 
of the square through the platinum atom. Pauling a) has suggested that this vacant 
/)-orbital might possibly give rise to five-covalency in the case of Pr(II). In order to 
obtain these five-covalent complexes the right type of ligand must be used so as to 
leave the Pt(II) atom with a residual positive charge and hence the capacity to attract 
the lone pair of a suitable ligand (eg. the I - ion) onto the vacant p-orbital. If the 
ligand involves only nitrogen atoms, as when one uses ethylenediamme as the ligand, 
single co-ordinate <r-bonds only can be used between the Pt(II) and nitrogen atoms. 
This leads to a negative charge, on the platinum atom, a situation most unfavourable 
to the attraction of a negatively charged iodide ion onto the vacant p-orbital. However, 
the possibility of dn-dn-bonding between the Pt(II) and arsenic atoms, involving the 
use of vacant d orbitals of the latter atom, promotes stability through the formation 
of bonds with partial double bond character. The platinum is thus enabled to min¬ 
imise the number of electrons it has accumulated due to co-ordination and to attract 
an iodide ion. Evidence for this </ 7 i-d 7 t-bonding is manifested in a shortening of the 
Pt-As bond to 2-38 A. 

The explanation of the addition of a second iodide ion appears a little more 
difficult since no further 6 p-orbitals are available. It has been suggested (8) that the 
two iodme atoms might be held by co-linear 6p6d hybrid bonds. These should be 
elongated-consistent with the observed length 3-50 A. 

151 W. Theilacker, Z. Anorg. Chem. 234,161 (1937). 

1,11 L Pauling, The Nature of the Chemical Bond, p. 192. Cornell Univ. Press, New York 
(1948). 

171 L. Pauling, The Nature of the Chemical Bond, p. 99. Cornell Univ. Press, New York 
(1948). 

(8) C. Harris, R. Nyholm and N. C. Stephenson, Nature, Land. 177,1127 (1956). 




S tnorg Nucl Cbem , 1962. Vol. 24, pp 797 to 800 Pergamon Press Ltd, Printed in England 


THE STRUCTURE OF THE 
DI-IODODI-(o-PHENYLENEBISDIMETHYLARSlNE)- 
PALLADIUM(II) MOLECULE 

N. C Stephenson 

Department of Chemistry, University of New South Wales, Sydney, Australia 

(Received 28 July 1961; in revised form 20 November 1961) 

Abstract—The crystal structure of the compound Pd(C6H 4 [As(CH 3 ) 2 ) 2)212 has been deter, 
mined by X-ray diffraction methods. The compound is monoclinic, space group P2i/c 
(C| A ) with a = 9 64 A, 6=9 24 A, c = 17-23 A, f} = 114° (all to i per cent), and z — 2; 
specific gravity (calc) = 2-25, (obs) - 2 26. 

The palladium(II) atom is surrounded by four coplanar arsenic atoms with two iodine 
atoms completing a distorted octahedron. The short Pd-As bond lengths suggest some 
double bond character whilst the elongated Pd-I distances of 3 40 A are much longer than 
the usual single bond distances. 

The isolation of five covalent palladium(II) complexes has been reported recently by 
Harris and Nyholm <>> They have examined complexes of the type PdX 2 (diarsine) 2 
where X = Cl, Br, I, CNS, N0 2 , C10 4 and (diarsine) is the chelate group 
o-phenylenebis(dimethylarsine) In particular di-iodi-(o-phenylenebisdimethylarsine) 
palladium(II) and iododi-(o-phenylenebisdimethylarsine)palladium(Il) perchlorate 
function as uni-univalent electrolytes in nitrobenzene solution and the existence of the 
five covalent ion Pd(diarsine) 2 I + in solution is inferred. 

In view of the large number of compounds in which divalent palladium forms 
square planar complexes, the crystal structure of the substance Pd(diarsine) 2 I 2 has 
been examined and preliminary findings reported elsewhere.< 2 > The details of the 
investigation are reported below 


EXPERIMENTAL 

Single crystals of the compound were obtained from a nitrobenzene solution. The 
crystallography of Pdl 2 (diarsineh was determined from Buerger precession photographs 
made with MoKa radiation. The photographs show monoclinic symmetry and the only 
systematic absences observed were (hoi) with / odd and (oko) with k odd. The space group 
must therefore be P2 t jc (C^*). The following unit cell data were obtained a = 9-64 A, 
b -- 9 24 A, c 17 23 A, ^ - 114° (all to i per cent). 

The density of the crystals at room temperature was measured by flotation in a 
methylene iodide-benzene mixture (p obi - 2-26 g cm -3 ). Two molecules of the diarsine 
complex per unit cell give a calculated density of 2 25 g cm - '. 

Approximately three hundred reflexions were recorded with the Buerger precession 
camera (p = 30°, F — 6 000 cm, r = 26 0 mm, AMoKai, 2 = 0 7107 A). Lorentz and 
polarization corrections for the intensity data for the (hoi) and (okl) zones were determined 
by the use of a transparent overlay based upon the chart prepared by Waser. 131 Intensities 
were measured photometrically with an Optica Milano Evaluation Unit which had been 
calibrated against a standard intensity wedge prepared in the usual manner. 

,n C M Harris and R. S. Nyholm, J. Chem. Soc. 4375 (1956). 

21 C M Harris, R. S. Nyholm and N. C. Stephenson, Nature, Lond. 177, 1127 (1956). 

J Waser, Rev. Sci. Instrum. 22, 567 (1957). 
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DETERMINATION OF THE STRUCTURE 

The two palladium atoms in the unit cell were placed in special positions 000- 
and 0, i, i viz. position a of space group No. 14. Many of the phases of the structure 
factors were determined by firstly scaling to approximate absolute values by the 
method of Wilson' 4 * and then comparing the resulting sets of structure factors, for 
separate zones, with the corresponding data for the isomorphous platinum com¬ 
pound/ 5 * These structure factors were used to calculate Fourier projections on the 


C 



2 


Fig. 1.—The first (hoi) Fourier map. 

Contours are on an arbitrary scale and only the outer contours for the Pd 

atom are shown. 

(4) A. J. C. Wilson, Nature, Lond. 150, 152 (1942). 

(5) N. C. Stephenson, J. Inorg. Nucl. Chem^U, (1962). 
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010 and 100 planes (Fig. 1). The resulting co-ordinates add further details of the 
structure were refined by successive difference Fourier syntheses. The final parameters 
are given in Table 1. These co-ordinates were used to compute the final calculated 
structure factors which are listed in the appendix for comparison with the moduli of 
the observed structure factors. Isotropic thermal parameters of B(hof) = 3-1 A 2 and 
B(okl) = 2-7 A 2 were used in the calculations. i ' , 


Table 1.—Final atomic co-ordinates 


Atom 

x/a 

y/b 

z/c 

Atom 

x/a 

yjb 

z/c 

Pd 

0-0000 

0 0000 

00000 

c t 

0 208 

0-344 

0-028 

Asi 

0-2106 

0-1610 

0-0613 

c 2 

0-353 

0-196 

0-022 

As 2 

0-0710 

0-9130 

0-1426 

c 3 

0-151 

0-725 

0-138 

1 

0-1971 

0-7416 

0-9464 

c 4 

0 910 

0-931 

0-190 

Cs 

0-237 

0 043 

0 212 

c 8 

0-486 

0-210 

0-306 

c 6 

0-315 

0-035 

0-302 

c 9 

0-440 

0-233 

0-220 

Cl 

0 448 

0-102 

0-348 

Cio 

0-297 

0-137 

0-181 


Estimates of the standard deviations in the atomic co-ordinates of isolated iodine, 
arsenic and carbon atoms were obtained m a manner previously reported* 5 * for the 
isomorphous platinum compound Pt^As^oE^. These values of 0 001, 0-002 and 
0 03 A respectively are probably a fair estimate for the heavier atoms but not very 
relevant to the probable accuracy of the carbon co-ordinates, as judged from the 
vanations in carbon-carbon and arsenic-carbon bond lengths. The Reliability 
Index ( R ) calculated over all reflections is 0-14. 


DISCUSSION OF THE STRUCTURE 

New co-ordinates, expressed in Angstrom units, were assigned to each atom 
referring them to a set of orthogonal axes a, b, and c\ c' being taken perpendicular to 
the a and b crystal axes. From these co-ordinates the interatomic distances and 
angles, listed in Table 2, were calculated 


Table 2. —Interatomic distances A and angles 



Pd-Asi 

Pd-As 2 

Pd-I 

As ( -Ci 
Asi— C2 
As2—C 3 
AS2-C4 

AS2~C5 

2- 39 

240 

3- 40 

1 78 

1 75 

1 92 

2-04 

1-96 

Asi-Cio 

Cs-Cs 

C6-C7 

c 7 -c 8 

C 8 -C 9 

C9-C10 

C10-C5 

1-90 

1-42 

1-35 

1-37 

1-38 

1-54 

1-28 

As,-Pd-As 2 85° 12' 

As 1 -Pd-I 84°53' 
As 2 -Pd-I 85°18' 
Asi-Pd-Asi 94°18' 


Deviations (A) from the plane 0-690 

x —0*714 y — 

0-118 r + 0 118 = O 


C 5 

0-01 

c. 


Pd 0-12 


c 6 

004 

Cio 




c 7 

0-06 

Asi 




c, 


AS2 
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](i> Diogrom of the Dl- iododi- 

{0- phenyieneOii,dimefhylorsioe) 
poiiodium IN) molecule 


Fig. 2.—Diagram of the di-iododi-(o-phenylenebisdimethylarsine)palladium(ll) molecule 

The environment of the palladium atom, as it exists in the crystal, is depicted 
in Fig. 2. The palladium lies in the plane of four arsenic atoms, the co-ordination of 
these arsenic atoms being that of a slightly but significantly distorted square The 
equation of this plane, relative to the orthogonal axes a, b and c', was determined by 
the method of least squares, and is 0-719 x—0-679 —0-146 z — 0. In accordance 
with the requirements of the centre of symmetry each of the above relevant atoms lies 
completely in this plane. In octahedral sites and at distances of 3-40 A are iodine 
atoms. The Pd-I bond is inclined 6°35' to the normal from the palladium-arsenic 
plane, due to the proximity of a neighbouring molecule. 

The plane of the benzene ring of the diarsine chelate, referred to the orthogonal 
axes a, b andc', is given by the equation 0 690 x—0-714 y— 0-118 2+0118 = 0 and the 
deviations of the carbon atoms from this plane (listed m Table 2) cannot be regarded 
as significant. The bond lengths within this plane differ from the aromatic carbon- 
carbon distance of 1 -39 A because, in the presence of Pd, As and I it is impossible to 
locate carbon atoms accurately by a simple two-dimensional analysis 

The structure is thus very similar to that of Pt(diarsine) 2 l 2 packed together in the. 
crystal lattice. There appears for the first time direct evidence of the dir-dn bonding 
between arsenic and palladium The observed* 6 ' length of the As-Pd bond in 
(Me 3 AsPdBr 2 )2 is 2-50 A, no notable contraction from the normal single covalent 
bond distance of 2-52 A The Pd-As bond distances of 2-39 and 2-40 A in the diarsine 
do indicate contraction attributable to double bonding between palladium and 
arsenic. 

The Pd-I bond of 3 40 A is significantly shorter than the corresponding Pt-I bond 
(3-50 A). This is in agreement with the experimental observations of Harris* 7 ' which 
indicate that palladium(II) tends to form stronger octahedral complexes with 
o-phenylenebisdimethylarsine than platinum(II) This shorter and presumably 
stronger bond causes less interference with adjacent molecules as the benzene nng is 
inclined only 2°42' to the Pd-As plane as compared with 12°30' in the platinum 
compound. 

<«> F. G. Mann and A. F Wells, J. Chem. Soc. 702 (1938) 

< 7) C. M. Harris, S. E. Livingstone and L-Reece, J. Chem. Soc. 1505 (1959). 
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THE CRYSTAL STRUCTURE OF DIAMM1NE 
BIS(ACETAMIDIN E)PLAT1NUM(II) CHLORIDE 
MONOHYDRATE, Pt(NH 3 ) 2 [CH 3 .C.(NH2).NH] 2 Cl 2 .H 2 0 ' , 

N. C. Stephenson 

Department of Chemistry, University of New South Wales, Sydney, Australia 

{Received 11 July 1961; in revised form 20 November 1961) 

Abstract—The crystal structure of the compound Pt(NH 3 ) 2 [CH 3 C.(NH2).NH]2Cl2.H 2 0 
has been determined by X-ray diffraction methods The compound is monoclinic, space 
group A2/a (C| A ) with a - 15-940, b = 6-250, r - 17 246, /? - 130 23', and Z - 4; specific 
gravity (calc) = 2-202, (obs) = 2 21 g cm -3 . Intensity data wereobtamed from integrated 
equatorial and equi-mclination Weissenberg photographs about the a and b- axes. No 
absorption corrections were made. The final atomic parameters were obtained from three- 
dimensional Fourier difference maps. 

The pfatinum(II) atom exhibits square planar co-ordination, two ammonia molecules, 
in rra/is-positions, and two acetamidine molecules are co-ordinated to the divalent metal 
atom This compound has previously been referred to as one of the rare examples of 
sexicovalent platinum(II), allegedly containing four ammonia and two acetonitrile molecules 
co-ordinated to the metal atom. The original name of the compound was bisacetonitrile- 
tetrammineplatinum(H) chloride monohydrate Pt(NHj) 4 (CHjCN) 2 Cl 2 H 2 0. 

The structure is held together by ionic forces of attraction and hydrogen bonds from 
the water molecule to acetamidine molecules and to chloride ions 

It is well known that divalent platinum forms complexes in which four covalent 
bonds from the metal atom are coplanar and directed towards the corners of a square. 
The sterochemistry of square complexes has been discussed in detail by Mellor ( 1) 
and a large number of structures of this type have been reported by Wells. < 2 > 

A small number of compounds of bivalent platinum have been listed by 
Sidgwick< 3> in which the platinum is alleged to be six-covalent The structural 
evidence for six-covalent platinum is limited to two substances,< 4 - S) and for this 
reason the determination of the structure of “bisacetonitriletetrammineplatinum(II) 
chloride monohydrate”, Pt(NH 3 )4(CH 3 CN)2-Cl2-H 2 0, has been undertaken. In this 
compound it is alleged that the platinum atom is bonded to four ammonia molecules 
and also to two acetonitrile molecules. 

EXPERIMENTAL 

Bisacetonitriletetrammineplatinum(II) chloride was prepared by the method described 
by Tschugaev and Lebedinski 16 ! and crystals of the monohydrate were obtained by the 
slow evaporation of an aqueous solution. Preliminary values of lattice constants were 
obtained from precession photographs and these were used to index a powder photograph. 

111 D P. Mellor, Chem. Rev. 33, 137 (1943). 

121 A. F. Wells, Structural Inorganic Chemistry, p. 645. Oxford Univ. Press, London (1950). 
M) N. SrDGwiCK, The Chemical Elements and Their Compounds, p. 1583 Oxford Univ. Press, 
London (1950). 

u) C. Brosset, Ark. Kemi. Mm Geol. 25, No. 19 (1948). 

(s) C M. Harris, R. S Nyholm and N. C. Stephenson, Nature, Lond. 177, 1127 (1956) 
le) L Tschugaev and W Lebedinski, C.R Acad Sci., Paris 161, 563 (1915). 
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taken with a Guinier focussing camera, by expressing sin 2 0 in the form sin 2 0 =* Rnh 2 + 
RiiH+Rziki+R}}! 2 . Four normal equations obtained from eighteen of the above ex¬ 
pressions were solved to give the following lattice constants: 

a = 15 940 A, b = 6-250 A, c = 17-246 A, /? = 130°23\ 

The observed density (by flotation) =2-21 g cm -3 ; calculated density for four molecules 
per unit cell = 2 202 g cm -3 . 

Approximately 1200 reflexions were observed on equatorial and equi-inclination 
Weissenberg photographs taken about the a and 6-axes. Systematic absences of (hkl) with 
k + l odd, hoo and oko and ool with odd values for h, k and / indicate the space group A2/a 
or Aa. To avoid the “heavy atom" effect,< 7 > (hkl) spectra with h odd were utilised for the 
statistical distribution test of Howells et al < 81 The N(z) test (Table 1) indicated the centric 
space group A2ja 


Table 1.—The statistical distribution of intensities 


sin 0/A M* <I> N( 10) .V (20) A? (30) N (40) AT (50) N (60) AT (70) Af(80) 


0-05-0-15 neglect 


0-15-0-25 27 2529 3 

4 

9 

10 

13* 

16 

17 

18 

21 

0-25-0-35 40 1732-0 

10 

17* 

23 

24 

25 

26 

26 

28 

0-35-0-45 52 1129-0 

7 

17 

18 

22 

25 

26 

30 

31 

0-45-0-55 58 658-3 

8 

17 

22 

24 

27 

30 

34 

40 

177 

29 

60* 

73 

°0 

u> 

•4- 

93 

99 

108 

120 

Weighted average N(z) % 

16 4 

34 2 

41-2 

47-2 

52-5 

55-9 

61-0 

67-8 

Theoretical centric 

24-8 

34-5 

41-8 

47-3 

52-1 

56-1 

59-7 

62-9 

acentric 

9-5 

18-1 

25-9 

33 0 

39-3 

45-1 

50-3 

55-1 


*M denotes the number of reflexions in a group. 


Weissenberg photographs were taken on a Nonius integrating goniometer. The strong 
reflexions with h = 0,2,4,6; k =0,1,2, — 6, were obtained using MoJfai .2 radiation and 
exposure times of 60 hr per level. The weak reflexions with h — 1,3,5 were recorded with 
Cu Koti ,2 radiation and exposure times of 160 hr per level. Each 60 hr exposure was taken 
with a multiple film pack of Ilford G backed by Ilford B and Ilford C films. Density ratios 
of 5-2: 1 and 3-7: 1 were obtained photometrically. The 120 hr exposures were taken with 
a pack of four Ilford G films having a density ratio of 2-8 1 for adjacent films. The intensities 
were measured photometrically with an Optica Milano Evaluation Unit which had been 
calibrated against a standard intensity scale. Lorentz and polarization connections were 
applied graphically. 

For levels with h even, values for F 2 (hkl) on a relative scale were approximately placed 
on an absolute scale and the isotropic thermal parameter determined by the method proposed 
by Wilson. <9 > The values of B varied with each level and were made a constant 1 -37 A 2 by 
applying an artificial temperature factor of a magnitude appropriate to each level. The 
F 2 (hkl) values were then scaled by the use of common sets of reflexions. The F (hkl) values 
with h odd were very weak and scaling was effected against structure factors calculated from 
trial models. 

(7) A. Hargreaves, Acta Cryst. 8, 12 (1955). 

<*> E. R. Howells, D. C. Phillips and D. Rogers, Acta Cryst. 3,210 (1950). 

< 9 > A. J. C. Wilson, Nature, Load. 150, 152tt942). 

■v* 
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DETERMINATION OF THE STRUCTURE AND REFINEMENT OF 
THE ATOMIC CO-ORDINATES 

The intensities of the general order reflexions with h even were very much stronger 
than those with h odd. The platinum atoms were therefore placed at 000, and 
t00. The phases of the F(hol) data were taken as zero and an (hoi) Fourier projection 
was calculated. No significant detail, other than the location of the chloride lop, 
could be obtained from this projection because of the heavy diffraction ripples 
emanating from the platinum atoms. After suitable scaling of observed data a 
difference map was computed. In this map the platinum atoms had been removed 
using the scattering curve of Thomas and Umeda * 101 which had been modified by 
an isotropic temperature factor (B = 1 -37 A 2 ) and corrected for anomalous disper¬ 
sion.* 1 *> This difference map is drawn in Fig. 1(a). The required number of peaks 
are present for the light atoms but the positional parameters will necessarily be in 
error, particularly for Nj and N 2 due to large anisotropic thermal movement of the 
platinum and chlorine atoms. 



Fig. 1 (a).—The (hoi) difference Fourier map in which the platinum atom at 
the origin has been removed Thermal anisotropy for the platinum atom and 
chloride ion is indicated. 

Contours = 1 eA -2 . Negative regions dotted. 

Contours for the chloride ion = 2 e A -2 . 

The refinement of the parameters for the amstropic thermal movement of the 
heavy atoms was realised using a programme devised by Rollett. The computations 
were carried out on UTECOM.* After seven cycles of refinement the structure 
factors were used together with the scaled F a values to compute a second difference 
map (Fig. 1(b)). 

In order to obtain information about the y co-ordinates of the atoms a three- 
dimensional Fourier synthesis was computed using the F(hkl) data with h even. These 
data were assigned zero phases because of the dominating contributions of the 
platinum atoms. The location of peak maxima was effected by an analytical method 
first proposed by Carpenter and Donohue< 12 > and later modified by Shoemaker 

* Digital computer, University of New South Wales. 

(10 ’ L. H. Thomas and K. Umeda. /. Chem. Phys. 26, 293 (1957). 

1111 C. Daubbn and D. Templeton, Acta Cryst. 8, 841 (1955). 

(1J) G- Carpenter and J. Donohue, J. Amer. Chem. Soc. 72, 2315 (1950). 
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et a!S U) An (010) mirror plane appeared in the Fourier function due to the use of 
selected data. This made it possible to determine * and z co-ordinates without 
ambiguity but the parameters were uncertain as to sign. The calculated structure 
factors F(hkl ) with h odd are dependent on the sign of the y co-ordinates of the con¬ 
tributing atoms, for their sign and magnitude. Eight sets of structure factors were 
calculated involving various combinations of signs for the y co-ordmates and rational 
molecular models involving accepted interatomic distances. The good agreement 
between observed and calculated structure factors was only obtained when a 
divergence from the previously accepted stereochemistry of the compound was 
made. A trial model involving acetamidine co-ordinated to the platinum atom 
converged to give the final structure. 



Fig. 1 (b) —The ( hoi ) difference Fourier map m which platinum and chlorine 
atoms have been removed Allowance has been made for anisotropic thermal 
movement The positions of the light atoms, shown as black dots, have been 
determined from three-dimensional data 

The atomic co-ordinates were refined by successive three-dimensional difference 
maps. When the accidentally absent reflexions are given values of for their 

structure factors the overall R factor calculates at 0-13 

The final values of the atomic parameters are given in Table 2 


Table 2 —Atomic parameters 



xja 

y/h 

z/c 

Pt 

0-0000 

0-0000 

0-0000 

c, 

0 0095 

0 5474 

0 1626 

c 2 

0 9778 

0 3341 

0 1059 

N, 

0-0225 

0 2669 

0 0707 

n 2 

0 1641 

0 9573 

0-1175 

Nj 

0 9049 

0 2330 

0 1054 

h 2 o 

0-7500 

0 8440 

0-0000 

Cl- 

0-2634 

0-4408 

0-1485 


Temperature factor B — 1 67 A 2 . 

<i3> d. Shoemaker, J. Donohue, V. Schomaker and R. Corev, J. Amer. Chem. Soc. 77, 
77, 2334 (1950). — 





The crystal structure of diammhje bis(acetamidine)platinuin(II) chloride monohydrate 805 
ESTIMATION OF ACCURACY • 

The standard deviations of the atomic co-ordinates were estimated by the 
method of Cruickshank.< I4 > The curvatures for these calculations were obtained by 
differentiating the Gaussian functions representing peak shapes. The standard 
deviations of atomic co-ordinates of atoms in the complex cation are given in Table 3. 

i 1 , 

Table 3.—Standard errors of parameters for atoms in the complex cation 



Peak height 
p(xyz) electrons 
A-J 

8 2 p 

8x 2 

Curvatures 

8 2 p 

Hy 2 

8 2 p 

dl 2 

Errors 

A 

r.m.s. 

A 

Cl x 

5 62 

61 99 



0 022 


y 



50 31 


0 028 

0 026 

z 




43 19 

0 028 


C 2 x 

5 77 

47 65 



0 028 


y 



65 02 


0 022 

0 023 

Z 




69 65 

0017 


N, A 

7-03 

61 50 



0 022 


V 



94 19 


0 015 

0 018 

z 




77 29 

0015 


N 2 1 

7 38 

52 35 



0 026 


V 



90 48 


0 015 

0 018 

z 




116 66 

0 010 


Nix 

6 51 

70 57 



0 019 


y 



72 00 


0 019 

0 021 

z 




46 79 

0 025 







r m.s 

0 021 


H ? N 



HN 


(I'NHj 


Dioqtom of ihe 

Diommme-brs (ocefomujine) Platinum (II) 
Chionde monohydrote molecule 



Fia. 2 —Diagram of the diammine-bis(acetamidine)platinum(H) ion. 
ll4) D. Cruickshank, Acta Cryst. 2, 65; 2, 154 (1949). 
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DISCUSSION OF THE STRUCTURE 

The shape of the complex cation, as it exists in the crystal, is given in Fig. 2. 
The bond lengths and the bond angles are given both in Table 4 and Fig. 2. It is 
apparent that the platinum(II) atom is not six-covalent, as hitherto expected, but 
four-covalent. There are only two ammonia molecules co-ordinated to the platinum 
atom, the other two being associated with the acetonitrile as acetamidine molecules. 
It is perhaps significant that acetamidine can be prepared by reacting acetonitrile and 
ammonia together in the presence of hydrochloric acid. Evidently the last step in 
the preparation of the substance is: 

Pt(MeCN) 2 Cl 2 +4NH 3 - Pt(Acetamidine) 2 (NH 3 ) 2 Cl 2 

and not: 

Pt(MeCN) 2 Cl 2 +4NH 3 - [Pt(MeCN) 2 (NH 3 ) 4 ]Cl 2 . 


Table 4.—Intramolecular interatomic distances and bond angles 


Pt-N, 

2-038 A 

< Ni-Pt-Ni 

83°50' 

Pt-N 2 

1 957 A 

< Pt-Ni-C 2 

130°14' 

c,-c 2 

1-533 A 

< n,-c 2 -n 3 

127°8' 

Cj-N, 

1 271 A 

< N 1 -C 2 -C 1 

122°18' 

c 2 -n 3 

1 318 A 

< C 1 -C+N 3 

110°17' 

New co-ordinates, expressed in 

Angstrom units, were 

assigned to each atom, 


referring them to a set of orthogonal axes a, b and c', c being taken perpendicular 
to the a and b crystal axes. Referred to these axes the plane through the platinum and 
its four co-ordinated nitrogen atoms is given by the equation. 

0-716 x-0-472;H-0-514z = 0 

and these atoms necessarily lie exactly in this plane because of the centre of symmetry 
The co-ordination around the platinum atom is not exactly square; the N 2 —Pt—N, 
angle differs significantly from a right angle (A/cr = 7-0) and the difference between 
the bond lengths Pt—N 2 and Pt—Nj is possibly significant (A/(t = 2-7). The sum of 
the angle bond and square covalent radii for nitrogen and platinum(II) is 
0-70+1-31 = 2-01 A. 

The acetamidine molecule is not strictly planar. The best fit plane through the 
atoms C b C 2 , N, and N 3 is 0-042 x-0-44y+0-893 z = 0-402 and this is inclined 
45°28' to the abovementioned plane through the platinum atom. The atoms C\ and 
Qj lie within 0-04 A of the plane but the remaining two atoms are significantly 
displaced from it: Nj is0-30 A towards the Pt atom and N 3 isO-25 Atowards a water 
molecule to which it is hydrogen bonded. 

The bond lengths and angles in the acetamidine molecule compare very 
favourably with those observed in similar molecules (see Table 5). The length of 
the Cj—C 2 bond (1-53 A) agrees well with the accepted norma] single bond covalent 
distance of 1-54 A. The carbon-nitrogen intramolecular distances lie between the 
single and double bond covalent distances of 1 -48 A and 1 -24 A given by Schomaker 
and Stevenson.< 15 > The use of Pauling’s equation relating bond length with double 
bond character leads to 65 per cent double bond character in the C 2 —Ni bond and 
35 per cent double bond character in the C 2 —N 3 bond. 

(,5 > V. Schomaker and D. Stevenson, J. Xrrter. Chem. Soc. 63, 37 (1941). 
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The chloride ion touches its surrounding complex cations at a number of points 
(see Fig. 3). The non-bonded Cl"— NH 3 , Cl"—CH 3 , Cl"—O distances as computed 
from ionic and van der Waal’s radii are 3 40, 3-81 and 3-21 A respectively. The 
approach distances in the crystal are shown in Fig. 3. 





J 

Platinum 
^ Chloride Jor 
0 Nitrogen 
Larbon 
Water 



Fig 3 —Diagram depicting the environment of the chloride ion. 

The role of the water molecule in the mtermolecular bonding is also illustrated 
in Fig. 3. It forms two short hydrogen bonds (each 3 01 A) to two chloride ions, 
the Cl”—H 2 0—Cl” angle being 107°31' In the tetrahedral positions of the oxygen 
atom are two —NH 2 groups from acetamidine molecules. As in urea, (lb) each oi 
the N—H ... O bonds is practically coplanar with the corresponding acetamidine 
molecule, which is to be expected in view of the partial double-bond character of the 
C—N bonds. The N—H .. . O bond distances of 3-08 A correspond to rather weak 
bonds since both are considerably larger than the N—. . O distances of 2-7-2 9 A 
found in the amino acids A similar hydrogen bond exists in urea (N—H . . . O 
3-04 A). Vaughan and Donohue * 171 explain the relative lengthening as being due 
to (1) the acceptance of four hydrogen bonds by the oxygen atoms, and (2) the 
smaller formal charge on the nitrogen atom in (this case) acetamidine; in the amino 
acids this atom, because of the zwitterion structure, has a charge of +1, whilst in 
acetamidine, it has a smaller positive charge. 

Acknowledgement —I would like to thank Dr A. D. Wadsley for taking the powder photo¬ 
graphs with his Guinier camera, and Dr C. M. Harris for providing me with the compound 

lw R. Wyckoff and R. Corey, Z. Krist. 89, 462 (1934). 

1171 P. Vaughan and J. Donohue, Acta Cfyst. 5, 530 (1952). 
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Abstract—An examination of the use of the method of continuous variations with complexes 
containing two ligand species has been carried out. It is shown that the molar ratio at 
which the concentration of a mixed complex reaches a maximum is generally different 
from the molar ratio of the reactants in the complex. The equations for this difference are 
developed and checked against experimental data for some five mixed complexes. A method 
lor determining the equilibrium constants in some of these systems is given. The equilibrium 
constants in the systems studied are very close to the values expected for a statistical distribu¬ 
tion of the ligands over the available co-ordination sites. 

Of the various procedures which can be used for studying complexes in aqueous 
solution, the method of continuous variations is probably the most treacherous. The 
vagaries of this method when applied to simple systems, have been examined in some 
detail.* 1 ’ -• 31 The present work extends the study of these irregularities to systems 
containing complexes with mixed ligands In general, when the method is used to 
study a mixed ligand system either 

(1) the measurements are made in such a manner that displacements from 
stoicheiometric points are not obvious, (2) displacements occur but are 
ignored, or (3) displacements are recognized, but no theory is given to explain 
these displacements 

In this study, the application of the method of continuous variations to mixed ligand 
systems is studied from both a theoretical and an experimental viewpoint. 

The use of this method with systems containing two ligands has previously been 
studied by Eichorn and Marchand* 4 * who used an ingenious graphical method for 
presenting their results, by Schilt * 51 who studied the mixed cyanide-diamine 
complexes of iron(II), in studies of the systems; copper(H)-pyridine-salicylate,* 6 > 
copper(II)-ethylenediamine- D mannosan, < 7 > copper(II)-ethylenediamine-erythritol 
anhydride,< 8 > mckel(II)-ethylenediamine-cyanide, copper(Il)-ethylenediamine- 

* Present address, Adams State College, Alamosa, Colorado, 
t To whom communications concerning this paper should be addressed. 

<" F. Woldbye, Acta Chem Scartd. 9, 299 (1955). 
m M. M. Jones and K. K. Innes, J. Phys. Chem. 62,1005 (1958). 

1,1 M. M Jones, J. Amer. Chem. Soc. 81, 4485 (1959). 

U) G. L. Eichorn and N. D Marchand, J. Amer Chem. Soc. 78, 2688 (1956). 

,5) A. A. Schilt, J. Amer. Chem. Soc. 79, 5421 (1957). 

(6) A. K. Babko and M. M. Tananaiko, Zh. Obschei Khim. 23, 1459 (1953); Chem. Abstr. 
48, 3837 (1954). 

171 L. Segal, H. B. Jonassen and R. E. Reeves, J. Amer. Chem. Soc. 78, 273 (1956). 

,8) L. Segal, H, B. Jonassen and R. E. Reeves, J. Amer. Chem. Soc. 77, 2667 (1955). 
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cyanide, [PtX 4 ] 2 " (X = Cl" or Br") and cyanide, dO) and the [Hg(CN) 3 X] 2 " 
(X = Cl", Br" or SCN") systems.di) A very careful experimental study of several 
mixed ligand systems involving copper(II) has been carried out by Watters and his 
students using this method to verify the stoicheiometry of the mixed ligand complexes 
formed. (12 -i 51 In a very recent investigation, Kato used the method to study mixed 
ligand complexes in the copper(II)-biuret-ethylenediamine system.< 16 > 

Sommer and Hniuckova ' 171 have used this method to study the formation of 
mixed ligand complexes in the presence of buffers or added salts which influence the 
position of the maxima in the continuous variations curves. They derived an equation 
for the displacement of the maxima which worked well in the Ti0 2+ -chromotropic 
acid-EDTA system but which gave physically impossible values for the Fe 3+ -SCN~- 
F~ system. The limitations responsible for this, as is shown in more detail below, are 
(I) neglect of other complexes present in these systems, (2) neglect of the associated 
protonic equilibria, and (3) identification of the empirical Y function with 
the concentration of the mixed complex. 

Their paper, nevertheless, represents an important step in showing how the method 
of continuous variations can be used to describe behaviour in a system if enough 
auxilliary information is available. 

It seems reasonable to expect that this method should be capable of furnishing 
equations which describe the behaviour of a system of complexes just as exactly as 
those obtained using other methods if the following three conditions are met. Firstly, 
all the pertinent equilibria are included, secondly, no unrealistic assumptions are 
made about the concentrations of any of the species and, thirdly, the mathematical 
manipulations are carried out correctly, in detail, without using any simplifying 
assumptions. It may happen (as often appears to be the case) that the use of such 
equations requires data of a much higher order of accuracy than is generally obtained. 
In this case, the method may be rightly condemned as very inappropriate or incon¬ 
venient but not as erroneous As we shall see below, it is the difficulty of fulfilling all 
these conditions that results in the frequent disagreement found between the results 
obtained with this method and those found with less demanding methods. 

This paper reports the results obtained m a theoretical and experimental study 
of the systems: Cu 2+ -ethylenediamine-pyndine, Cu 2+ -propylenediamine-pyridme, 
Cu 2+ -glycine-pyridine, Cu 2+ glycine-ethylenediamine, and Cu 2+ -propylenediamine 
glycine. 


EXPERIMENTAL 

Materials and apparatus. Stock solutions of cupric perchlorate, ethylenediamine, 
propylenediamine, pyridine and glycme were prepared and analysed The cupric perchlorate 
used in these studies was reagent grade material obtained from the G. F. Smith Chemical Co 
It was recrystallized from distilled water prior to use. The cupric perchlorate solutions were 

,9) S. Kida, Bull. Chem. Soc. Japan 32, 981 (1959). 

(10) S. Kida, Bull. Chem. Soc. Japan 33, 587 (I960) 

(11) L. Newman and D. N. Hume, J. Amer. Chem. Soc. 83, 1795 (1961). 

<l2) J. I. Watters and A. Aaron, J. Amer. Chem. Soc. 75, 611 (1953). 

(13 > J. I. Watters and E. D. Lonohran, J. Amer. Chem. Soc. 75, 4819 (1953). 

(u > J. I. Watters, J. Mason and A. Aaron, J. Amer. Chem. Soc. 75, 5212 (1953). 

(l3 > J. I. Watters and R. de Wnr, J. Amer. Chem Soc. 76, 3810 (1954). 

'>«) M. Kato, Z. Phys. Chem. 23, 391 (19£Q). 

(l7) L. Sommer and M. Hnilickova, Bull. Soc. Chim. France 36, (1959), 



Use of the method of continuous variations with mixed ligand complexes 811 


analysed by electrodeposition of copper. The other materials used were Eastman White 
Label Grade and their solutions were prepared other by use of exact weights of the reagent 
or by subsequent dilution of a stock solution standardized volumetrically. The absorption 
spectra were obtained using a Cary Model 14 Spectrophotometer in an air-conditioned room 
kept at approximately 25°. Occasional checks were made on a Beckman Model DU instru¬ 
ment in the same room. 

RESULTS AND DISCUSSION 

The continuous variations curves for the five systems studied are presented in 
Figs 1 and 2. As can plainly be seen, each curve possesses a maximum which is 



2/3 a/6 6/4 afz 


MOLAR RATIO CU<Pn) 2 
Cufpy^* 2 



' . J . I I , I , , . N j 
2 fa 4/6 Sj4 8/2 

molar ratio Cu<gn) 2 

CtXpy )* 2 

4 


Fio. 1.—Continuous variations curves for the systems 
Cu(pn) 2 2+ -Cu(py) 4 2+ and Cu(en) 2 2+ -Cu(py) 4 2+ . 


displaced from the 5/5 position expected for a system where the complex formed is 
of the type CuBC or CuBD 2 (B and C represent bidentate ligands and D represents 
a monodentate ligand). In order to analyse the displacements that have been found 
experimentally, it is necessary to derive equations which show the displacement of 
the maximum in the concentration of the mixed ligand complex from the true 
stoicheiometric ratio. The displacement equation for the formation of a mixed ligand 
complex involving two bidentate ligands is given below. Let the equilibria in such 
a system be limited to the following: 


2 ABC ^ AB 2 +AC 2 

(1) 

ABC r AB+C 

(2) 

ABC r ac+b 

(3) 

ab 2 r ab+b 

(4) 

ac 2 : ac+c 

(5) 


where A is a four co-ordinate metal atom (such as copper) and B and C are bidentate 
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ligands. The concentrations of the various species present are represented by 
Ci = [ABJ; C 2 = [ACJ; C 3 = [ABC]; C 4 = [AB]; C s = [Aq; C 6 = [B]; and 
c 7 = [q. From the five equilibrium expression, five equilibrium constants can be 
written. 


qc 2 = K\ C 3 2 

( 6 ) 

c 4 c 7 = k 2 c. 

(7) 

C 5 C 6 = K}Ci 

( 8 ) 

c 4 c 6 = k a c x 

(9) 

C 5 C 7 = k 5 c 2 

( 10 ) 



Cu(Ql), Cu(gl) Culn\) 

MOLAR RATIO -■■■--A MOLAR RATIO - , * MOLAR RATIO —±12-3 

CulenJj* Culprf CuloyjJ 


Fig. 2. —Continuous variations curves for the systems 
Cu(gl) 2 -Cu(en) 2 2+ , Cu(gl) 2 -Cu(pn) 2 2+ , and Cu(gl)2-Cu(py)4 2+ . 

If solutions are prepared for a continuous variations study using the customary 
procedure/ 2 - 3) mixing (1-x) volumes of a solutions of concentration M in AB 2 with 
x volumes of a solution M in AC 2 , then the concentrations of the complexes AB? 
and AC 2 in the resulting solutions are, respectively. 

Q = A/(1-x)-C 4 -C 3 /2 (ID 

C 2 = Mx-C 5 -Cif2 (12) 

If only the reactions given in equations (1) thru (5) are considered, then the approxima¬ 
tion that C 5 == C 7 and C 4 = Q can be used. While these assumptions limit the 
generality of the results it is felt that they are reasonably valid and allow the detailed 
examination of the cases studied experimentally. These assumptions are not valid 
in a general sense, however. To determine the conditions under which the con¬ 
centration of the mixed complex, C 3 , is a maximum, Cg and C 7 are eliminated from 
th»*quations above and equations ( 6 jthrough ( 12 ) are differentiated with respect to x 
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The condition for a maximum in the mixed complex is dC$/dx = O. The derivatives 
of ( 11 ) and ( 12 ) are substituted into the derivatives of ( 6 ) thru ( 10 ) and then all the 
derivatives are eliminated by using simultaneous equations. The values for C\ and 
C 2 are substituted into the solution from the simultaneous equations and the result 
is that the concentration of the complex ABC is a maximum at that value of x for 
which: 1 1 



Thus the point of maximum concentration of ABC will in general be displaced from 
the position expected if the subsidiary equilibria are not taken into consideration. 
This displacement is governed by the relative concentrations of the species AB and AC. 

Another closely related system is that containing both monodentate and didentate 
ligands For such a system consider the following equilibria as sufficient to describe 
the behaviour 


2 AB D 2 ^ AB2+AD4 

(14) 

ABD 2 rAB+ 2 D 

(15) 

AB D 2 r AD 2 4 _ B 

(16) 

ab 2 r ab+b 

(17) 

AD 4 ^ AD 2 +2D 

(18) 


Where A is again the central metal ion, B a bidentate ligand and D a monodentate 
ligand. If the concentrations of the various species are represented by Q — [ABJ, 
C 2 = [AD 4 ], C 3 = [ABD 2 ], C 4 - [AB], C 5 = [ADJ, C 6 = [B], C 7 = [D], then the 
equilibrium constants for reactions (14) through (18) can be written as: 


C t C 2 =K 1 C i 

(19) 

C4C-1 2 = a 2 c 3 

( 20 ) 

C 5 C 6 = A3C3 

( 21 ) 

C 4 c 6 = K4C1 

( 22 ) 

C5C7 2 = A5C2 

(23) 

For solutions prepared as m the previous example. 


C, = M (1-x)—C 4 -C 3 /2 

(24) 

C 2 = Mx-Cs-Cill 

(25) 


lfonly reactions(14) through(18)areconsidered then C 4 = Q, and Qcan be eliminated 
m these equations. By imposing the condition dCi/dx = O after differentiating equa¬ 
tions (19) through (25) with respect to x and simplifying the resulting equations as 
described in the system involving two bidentate ligands, an equation is obtained for 
the x value at which a maximum in the concentration of the mixed complex occurs, 
namely: 



Once again the maximum will generally not occur at the stoicheiomctric point. 
This equation is identical with the equation developed for a system in which a mixed 
hgand complex is formed involving two bidentate ligands. 
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Since this method is always used with a physical property of the solution, such 
as optical density at a given wave length, it is necessary to examine the deviation of 
such a measured parameter from the value predicted for it on the basis of no reaction 
If the system containing only bidentate ligands is considered, the deviation ( Y) is 
given by equation (27) 

Y = L [eiCi+£2C2+«3C3+£4C4+S5C5—£i M( 1-X )—£2 MX— £ 505 °]. (27) 

In equation (27), L represents the length of the path travelled by the light thru the 
solution and the e’s and C's are extinction co-efficients and concentrations respectively 
The superscript ° represents the initial concentrations of C 4 and C 5 before reaction 
and dilution. After dilution, the equilibrium concentrations of C 4 and C 5 will not 
equal the original concentrations C 4 ° and C 5 °, therefore, these terms should be 
included in the Y function. In order to have a simultaneous extremum in the 
Y function and in the concentration of the complex, the condition that dY/dx ~ O 
when dCi/dx = O must be satisfied. Since the dissociated species will be present 
regardless of the formation of mixed complexes, the question remains how these 
affect the behaviour of the Y function. If the concentration of the species AB and 
AC (i.e. C 4 and C 5 ) remains constant regardless of the reaction then the derivative 
of equation (27) with respect to x is: 



It is evident from this equation that (dY/dx) = O when (dC^/dx) — O, if £3 = +£ 2 )/2, 

and T will be a maximum when (dc^/dx) = O if £3 > (e, +e 2 )/2 and a minimum if 
63 < (ejH-e 2 )/2. If these terms do not remain constant then (dY/dx) O when 
(dci/dx) — O, but rather will have the value. 


dY 

dx 


. ,^4 , 




(29) 


This is an additional disturbing factor in the use of the method of continuous variations 
for the study of mixed complexes, as the Y function is ordinarily used in a form that 
ignores the variations in the terms C 4 , C 5 , C 4 0 and C 5 0 . The influence of the terms 
C 4 , C 5 , C 4 0 and C 5 0 becomes greater as one goes to wave-lengths further away from 
that for which the maximum absorbance occurs in the solution with the correct x/(l-x) 
ratio. The deviation of the observed maximum in Y from that in C 3 also becomes 
greater. In the interpretation given below, for the curves obtained here, it is assumed 
that C 4 = C 4 0 and C 5 = Cf. This is not a drastic assumption if the wavelength is 
caiefUlly chosen. 


A. Systems containing basic ligands 

Copper(ir)-ethylenediamine-pyridine system. The absorbance data for this system 
were obtained over a wavelength range of 400 to 800 mp. The continuous variations 
curves for the 0-010,0-015 and 0-020 M solutions shown in Fig. 1 were derived from 
measurements at 612-5 mp, the absorbance maximum for the 5/5 solution. In this 
system the maximum in the Y function occurs at a ratio of [Cu(py) 4 2 + ]/[Cu(en)i 2+ ] 
of 5-5/4-5 or 1-22. The displacement is related to the difference between the con¬ 
centrations of Cu(en) 2+ and Cu(py)? > . An approximate calculation using the 
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stability constants from the literature shows that the dissociation of the pyridine 
complex is much more extensive than that of the ethylenediamine complex,d®) 
therefore, the concentration of the Cu(py) 2 2+ , produced (C 5 ) is greater than that of 
the Cu(en) 2+ (C 4 ) with the result that the predicted ratio should be greater than one. 
In this case it is 5-5/4-5 or 1 -22. 

Copper(JI)-propylenediamine-pyridine system. The absorption data for this 
system were obtained over a wave length range of 600 to 800 mp. The absorption 
maximum of the 5/5 solution occurred at 612-5 mp, and the continuous variations 
curves (Fig. 1) for the 0*005, 0-010 and 0-015 M solutions were constructed from 

Y values, calculated at this wave length. The extremum in the Y function for this 
system occurs at the ratio [Cu(py) 4 2 + ]/[Cu(pn) 2 2+ ] = 5-25/4-75 = 1-15. The dissocia¬ 
tion constant of the tetrapyridrine complex is greater than that of the bis (propy- 
lenediamine) complexes. 20 ) so the predicted displacement is once again to values of 
X /1 — x greater than one. The experimental value found for this system is 1-15. 

B Systems with amphiprotic ligands 

Three systems with an amphiprotic chelating agent (glycine) in admixture with 
a basic ligand (amine) were examined experimentally to determine how the presence 
of such a ligand species affects the observed shift in the maximum or minimum of the 

Y function. These systems also provide a direct indication of how valid it is to ignore 
the subsidiary protonic equilibria in a continuous variation study involving amphi¬ 
protic ligands. This point is of considerable interest in the evaluation of many 
published studies using such ligands in which these subsidiary equilibria have been 
ignored. 

Copper(JI)-glycine-ethylenediamine system. The absorption spectra of this 
system were obtained over a wavelength range of 600-800 mp. The continuous 
variations curves shown in Fig. 2 were constructed from Y functions of the 0-010, 
0 015 and 0-020 M solutions at 631 mp (the absorption maximum for the 5/5 solution). 
The extremum in the Y function occurs at a value of [Cu(gl) 2 ]/[Cu(en) 2 2+ ] of 4-25/5-75 
or x = 0 74. The direction of the displacement is contrary to a prediction made 
solely on the basis of the relative stabilities of the bis(glycinato)< 21) and bis(ethy- 
lenediamine) complexes involved, since these would lead to the expectation that 
[Cu(gl) + ] > [Cu(en) 2+ ] (i.e. C 5 > C 4 ). In this case the protonic equilibria are of 
sufficient importance to reverse the order of the concentrations. 

The maximum in the Y function is displaced from the molar ratio of 0-375/0-625 
at 600 m p to 7/3 at 800 m p. This indicates the affect of wave length when only the 
simple Y function is considered. At a wavelength of 650 m p the maximum occurs at 
the 0 5/0-5 molar ratio; and if wavelengths greater than 650 m p are chosen, the 
maximum in the Y value would be shifted according to the prediction of the equation 
that has been developed. 

Copper(lI)-glycme-propylenediamine system. The continuous variations curves 
for the 0-010, 0-015 and 0-020 M solutions were constructed from the Y functions 
calculated at a wavelength of 628 mp. The wavelength range of 600-800 m p was 

,18) J. Bjerrum and E. J. Nielson, Acta Chem. Scand. 2, 297 (1948). 

11,1 F, Basolo, Y. T. Chen and R. K. Murmann, /. Amer. Chem. Soc. 76, 956 (1954). 

<20) F. Basolo, R. K. Murmann and Y. T. Chen, /. Amer. Chem. Soc. 75, 1478 (1953). 
i2,) F. Basolo and Y. T. Chen, J. Amer. Chem. Soc. 76 ,953 (1954). 
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studied. In this system, as in the system above, the maximum occurs at a molar ratio 
of [Cu(gl) 2 ]/[Cu(pn) 2 2+ ] = 4-25/5-75 or x = 0-74. Once again, the experimental 
value is contrary to the prediction based on the dissociation constants of the 
bis(glycinato) and bis(propylenediamine) complexes. The extremum is displaced 
from the 3/7 ratio at 600 mp to the 7/3 ratio at 800 mp. Above 660 mp (molar ratio 
5/5) the maximum is shifted according to theory. The reason for the deviation is 
♦he same as in the case above 

Copper(II}-glycine-pyridine system. The absorption data used to calculate the 
Y values for this system were obtained over a wavelength range of 550-800 mp. The 
absorption maximum of the 0-020 M, 5/5 solution occurred at 678 mp, and continuous 
variations curves for the 0-010, 0-015 and 0-020 M solutions were obtained from 
calculations of the Y values based on absorption data at this wavelength (see Fig. 2) 
The extremum m this system occurs at a ratio of [Cu(gl) 2 ]/[Cu(py) 4 2+ ] of 
0-475/0-525 = 0 905. A comparison of the stability constants for the tetrapyndine 
and the bis(glycmato) copper(II) complexes indicates a greater dissociation in the 
case of the tetrapyridine complex, and, therefore, the maximum in the Y function is 
shifted as predicted. The maximum in the Y function is displaced from the molar 
ratio of 4-25/5-75 at 600 mp to 5/5 at 700 mp- and at a wavelength of 800 mp it 
approaches the 7/3 ratio. The agreement between theory and experiment in this 
case, in contrast to the other cases of this type, is probably because pyridine is a 
much weaker base than ethylenediamme and propylenediamirie and therefore, the 
subsidiary protonic equilibria are relatively less important. 


Equilibrium constants 

One of the greatest shortcomings of the method of continuous variations is the 
lack of any general method for obtaining equilibrium constants from the type of 
data such studies provide Each type of complexation reaction seems to require the 
development of a special procedure and the present case is no exception The usual 
methods for obtaining equilibrium constants from spectrophotometric data* 22 28 ' are 
not useable here, nor are the methods which have been developed for systems with 
a single type of ligand. (29-37) The crux of the problem is the lack of a procedure for 

m> r. x. Foley and R. C. Anderson, J. Amer. Chem. Soc. 71,909 (1949). 

< 2S > P. Haoenmuller, Ann Chim [12], 6, 5 (1951). 

<24 > J. A. A. Ketelaar, C. van de Stolpe, A Goudsmit and W Dzcubas, Rec Trav Chim . 
71,1104 (1952). 

< 23) S. Nakagura, J. Amer. Chem. Soc. 76, 3070 (1954). 

S. Nakagura, J. Amer. Chem Soc. 80, 520 (1958). 

< 27) R. M. Keefer and L. J. Andrews, J. Amer. Chem Soc 74, 1891 (1952). 

(J8> H. A. Benesi and J. H. Hildebrand, J. Amer. Chem. Soc. 71, 2703 (1949). 

«»> L. Newman and D. N. Hume, J. Amer. Chem Soc 79, 4571 (1957). 

<3<» P. Job, Ann. Chim. [10], 9, 113 (1928). 
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reducing the data when there are several species absorbing light at the wavelengths 
used. In the present case, a method was developed for a system in which there are 
three species absorbing. The treatment is patterned after the procedure used by 
Rose and Drago (38 > for a simpler system. The basic assumptions used in the present 
development are (1) Beer’s law is followed by each of the absorbing constituents, 
and ( 2 ) the activity co-efficients remain constant and therefore concentrations can 
be used in place of activities. The types of reactions considered are: 

AB 2 +AC 4 r 2 ABC (1) 

or AB 2 +AD 4 r 2 ABD 2 (15) 

If the concentrations and the extinction co-efficients for these species are the same as 
used previously, and if these species are considered to be the major constituents of 
the solution (and the neglect of the others will not introduce a serious error), then the 
total absorbance A at a given wavelength will be (for L = 1) 

A = Ey C\A~£2 C 2 +£3 Q (30) 


If the relationships between the concentrations and x given earlier m equations (11), 
(12), (24) and (25) are used in equations (30), the expression for the absorbance is 

A = i) J+£.A/(l -x)+e 2 Mx (31) 

the equilibrium constant, K, for the reaction is 


[c, 3 

[Ci][C 2 ] 


If equation (30) is solved for C 3 , and the values of Cy, C 2 and C 3 are substituted 
into equation (32), equation (33) is obtained 


A 2 

jfi 3 - ( S] + ElAf(l -x)+e 2 Mxj 

K= -—- 

[{ M( i -*i-{ 2 

[ M ‘— (33) 

In equation (33), A, ei, e 2 , M and x are known and only £3 and K are unknown. 
Since a maximum occurs in the Y function, for these systems, £3 must be greater 
than (ei+e 2 )/2. This requirement sets a lower limit for £ 3 . Various values for the 
extinction co-efficient, e 3 , of the complex are assumed and substituted into equation 
(33). For each assumed value of e 3 , a corresponding K is calculated. 

1381 N. J. Rose and R. S. Draoo, J. Amer. Chem. Soc. 81, 6138, 6141 (1959). 



818 


K. O. Watkins and M. M. Jones 


Since the equilibrium constants obtained are small, their dependence upon the 
extrapolation of a line is critical. The IBM 650 computer was used to obtain least 
square values of e 3 . A plot of K against the corrected a 3 values for various molar 
ratios of the reacting species (same total molarity) gives several intersecting lines 
(see Fig. 3). The point of intersection of the lines determines the equilibrium 
constant and the extinction coefficient for the mixed ligand complex formed. 



Fra. 3.—Graphical determination of K. 


A second method was also used to obtain the equilibrium constants. This method 
involved the solution of all possible combinations of the linear equation obtained 
from the IBM 650 computer. The average equilibrium constant, K, obtained from 
a solution of these equations and the extinction co-efficients, e 3 , corresponding to 
these constants are given in Table 1. This table also contains the best single point, 
values of the equilibrium constant, K, and the extinction co-efficient, i 3 chosen from 
the graphical plots. 

Table 1.—Equilibrium constants for the formation of mixed ugand complexes 


Complex 

K 

K 

h 

£3 

[Cu(enXpy)d +2 

0-62 

0-30 

70 

78 

[Cu(pnXpy) 2 ]+ 2 

0-63 

0-30 

75 

78 

[Cu(gl)(en)] + 

0-64 

0-30 

61 

62 

[Cu(glXpn)]+ 

0-68 

0-30 

59 

61 

fCufglXpy)^ 

0-52-*-- 

0-35 

67 

67-5 
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The absorbances at different molar ratios, but at the same total molar con¬ 
centration and the same wavelength, were used in each system studied. These condi¬ 
tions were chosen so that the extinction co-efficients of all absorbing species would 
remain constant. Consequently, no additional error was introduced in the observed 
extinction co-efficients due to dilutions. The wavelength chosen in all cases was that 
at which the mixed ligand complex showed a maximum. ' , 

The statistical formation constant for complexes of the type studied here is four. 
The values obtained are thus reasonably close to those that would be predicted on 
the basis of a simple random mixing of the ligands on co-ordination sites.<®> 39) 
This is reasonable in view of the fact that the same numbers of each type of co-ordinate 
bond are present in both the reactants and products. For such reactions, the enthalpy 
changes are generally very small or zero leaving the entropy changes paramount in 
determining the free energy change. <40) Table 2 lists the formation constants of a 
few mixed ligand complexes similar to those studied m this work. It can be seen 
that such a simple statistical distribution of ligands is not a general phenomena. 


Table 2.—Formation constants of some mixed ligand complexes 


Complex 

Formation constant 

Reference 

[Cu(C 2 0 4 Xen)] 

10 

15 

[Cu(iminodiacetate)(en)] 

~ 100 

41 

[Cu(P 2 0 7 XNH3)2] J - 

~ 001 

14 

[Cu(P 2 0 7 Xen)p- 

001 

13 
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139) Y, Marcus, Acta Chem. Scand. 11, 610 (1957) is a recent discussion of this topic. 

140) J. H. Holloway. Ph.D. Thesis, University of North Carolina (1959) and the literature 
cited therein. 

(JI) W E. Bennett, J. Amer. Chem Soc. 79, 1290 (1957) who also suggested that charge 
neutralization was responsible, in part, for such a large value. 
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STUDY OF CATECHOL DERIVATIVES OF THORIUM 
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Abstract—Complexing reactions of thorium with catechol have been studied by potentio- 
metric and preparative methods. In acidic solution the formation of the mono-catechollate 
derivative only was indicated even in the presence of a large excess of catechol. The equi¬ 
librium constant K of the reaction. 

Th 4 ~ +C 6 H 4 (OH) 2 ^ [Th(C 6 H 4 0 2 )P + + 2H+ 
was found to be: K = 2-98 x 10~ 5 and the formation constant k of the complex was 
5-25 xlO 17 Potentiometric titrations of thorium nitrate in presence of catechol showed 
a sharp inflexion at four equivalents of alkali per mole of thorium ion, suggesting the 
possibility of an electrometric estimation method for thorium. New compounds (NHafe- 
[Th(C 6 H 4 02 )j]C 6 H 6 02 and (CjHsN^ThfCel^Chh were isolated 

In view of the interesting results reported* 1 • 21 on the catechol derivatives of zirconium 
from our laboratories, it was considered of interest to study similar derivatives of 
thorium. Although catechol derivatives of thorium have been synthesized by a 
number of workers, no physico-chemical study appears to have been carried out. 
In the present investigation, the systems have been investigated by a potentiometric 
method and formation constant of the thorium mono-catechollate derivative has 
been determined by calculating the equilibrium constant of the reaction: 



The synthesis of catechol derivatives of thorium has been studied in detail by 
Rosenheim and co-workers, <3) who prepared well defined derivatives with formulae 
(NH 4 ) 2 [Th(C 6 H 4 0 2 ) 3 ]. 7H 2 0 and (NH 4 ) 2 [Th 3 (C 6 H 4 0 2 ) 6 (OH)^. 10H 2 0. They 
have also reported an improved method for the preparation of the tri-catechollate 
derivative, (NH 4 ) 2 [Th(QH 4 0 2 ) 3 ] ,5H 2 0 H. Sperl* 41 prepared the pyridine complex 
Th(OC 6 H 4 OH) 4 (C 5 H 5 N) 2 . A similar ammonium compound with the composition 
(NH 4 ) 2 H 2 [Th(C 6 H 4 0 2 ) 4 ] was obtained by slightly varying the conditions of prepara¬ 
tion as described by Rosenheim.* 31 Ft was found that the above compound was 
hydrolysed to (NH 4 ) 2 [Th 3 (C f) H 4 0 2 ) ft (0H) 2 ]. 10H 2 0 by excess of ammonia on 
boiling. It was also observed that the pyridine complex Th(OC fi H 4 OH) 4 (C 5 H 5 N) 2 , 
reported earlier by Sperl,* 41 was converted into (C 5 H 5 N) 2 Th (C 6 H 4 0 2 ) 2 with excess 
of pyridine. 

* Present address: University of Rajasthan, Jaipur. 

111 R. N. Kapoor and R. C. Mehrotra, Z. Anorg. Chem. 293, 92 (1957). 

121 R. N. Kapoor and R. C. Mehrotra, Z. Anorg. Chem. 293, 104 (1957). 

111 A. Rosenheim, B. Raimann and G. Schendel, Z. Anorg. Chem. 196, 173 (1931). 

(4) R. Weinland and H. Sperl, Z. Anorg. Chem. 150, 72 (1926). 


821 



822 


R. P. Agarwal and R. C. Mehrotra 


EXPERIMENTAL 

Materials. Thorium nitrate, Th(N0 3 ) 4 -4H 2 0 employed was of B.D.H. reagent grade 
quality. Catechol was a Merck product. Potassium permanganate, caustic alkalies and 
acids were reagent grade products of B.D.H. 

A stock solution of thorium nitrate was standardized gravimetrically by precipitation 
with ammonium hydroxide and subsequent ignition of the hydroxide to Th0 2 . The solution 
of catechol was made by direct weighing. 

pH measurements were carried out at room temperature with a Phillips pH-meter 
(P.R. 9400), standardized against a 0 05 M solution of potassium hydrogen phthalate. 

Analytical methods. Thorium was estimated as TI 1 O 2 by direct ignition of the compound. 
The alkaline permanganate method < 5) of oxidation of organic compounds was found to 
oxidize catechol quantitatively to carbon dioxide and water and has been adopted in the 
present investigation for estimation of catechol 

Preparative studies 

1. Reaction of thorium nitrate with 3-8 to 4-0 mole of caustic potash in presence of different 
amounts of catechol 

In order to test the conclusion from potentiometric titrations that thorium mono- 
catechollate is formed in the acidic medium irrespective of the molar ratio of catechol to 
thorium, thorium nitrate solution was treated with varying amounts of caustic potash 
(3 8 to 4 0 mole) in the presence of different amounts of catechol. In all the cases a greenish 
white precipitate having a thorium to catechol ratio approximately equal to one was obtained 

2. Reaction of thorium nitrate with ammonium hydroxide in presence of excess of catechol 

(2 a) The above experiment was also repeated with ammonium hydroxide (slightly less 
than 4 mole) instead of caustic potash. In this case as well analysis of the precipitate mdicated 
a thorium to catechol ratio of approximately one. 

(2 b) A mixture of thorium nitrate (5-88 g, 0-01 g-mole) and catechol (8-8 g, 008 g/mole) 
was dissolved in water (20 ml) and was treated with ammonium hydroxide until faintly 
ammonical. A little insoluble material separated and was quickly filtered off. The filtrate 
was heated on a water bath for 5 min and cooled when a white crystalline compound 
separated. 

(2 c) In another experiment, more ammonium hydroxide was added to the above reaction 
mixture (2 b) which was boiled for about 2 min and then cooled. A white crystalline 
compound separated. The compounds were washed several times with dioxane and finally 
with water and dried in vacuum (1 mm) for about 6 hr at room temperature (30° C). 

Analysis. (2a) Th = 52-21, Catechol = 25-34 per cent. Ratio of thorium to Catechol 
— 0-941. 

(2b). Found. Th = 32-42, Catechol = 61-44, NH 4 = 5-12 per cent. Calcd for 
(NH 4 ) 2 H 2 [Th(C6H40 2 )4]or(NH4)2rrh(C 6 H40 2 )3] C 6 H 6 02: Th = 33-04, Catechol - 61 55, 
NH 4 = 5-13 per cent. 

(2c) Found: Th =42-92, Catechol = 40-45, NH 4 = 2-24 per cent. Calculated for 
(NH 4 )2(Th3(C«H4O2)6(OH)23-10H2O: Th = 43-42,Catechol = 40-47, NH 4 = 2-25 percent 

3. Reaction of thorium nitrate with pyridine in presence of excess of catechol 

The initial reaction mixture of (2 b) was treated with pyridine, 1-6 and 2 0 ml in 
experiments (3 a) and (3 b) respectively. Yellow crystalline compounds were obtained. 
The compounds were washed with water and dried in vacuum (1 mm) at room temperature 
(30° C). 

> 

Analyst. 3(a) Found: Th -= 27-90, Catechol = 52-45, N =3-35 per cent. Calculated 
for Th(OC 6 H 4 OH) 4 (CjH 5 N) 2 : Th = 28 0, Catechoi=52-78, N = 3 -38 per cent. 

(3 b) Found: Th = 38-05, Catechol = 35-89, N = 4-35 per cent. Calculated for 
(C 5 H3N)2Th(C6H 4 02) 2 : Th = 38-26, Catechol = 35-65, N = 4-62 per cent. 

(s) G. Bottoer and R. E. Oesper, Newer Methods of Volumetric Chemical Analysis, p. 55 
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Study of catechol derivatives of thorium 

ELECTROMETRIC STUDIES ' 

The potentiometric titration of thorium ion with catechol, shown in curves 1 and 
2 (Fig. 1) indicates chelation of the type. 



0 1 2 3 4 5 6 


Moles of catechol added 

Fig 1.—Curve (1): Potentiometric titration of thorium nitrate (0 05 M, 20 ml) 

with molar catechol. 

Curves (2) and (3): Above titrations after the addition of 2 and 4 ml of molar 
caustic potash to the thorium nitrate solution 

This chelation by the donation of a lone pair of electrons from the hydroxy oxygen 
atoms makes the hydrogen atom more labile and acidic and thus, the lowering of 
the pH of the system is a direct measure of chelation. The curve (3) (Fig. 1) also 
supports the above conclusion. 

The derivative (A) containing the charged complex cation remains in solution. 
Addition of alkali to the above reaction mixture neutralizes the hydrogen ions 
produced by chelation which tends to shift the above equilibrium (1) towards right 
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and thus favours the formation of (A). At higher pH hydrolytic effects in the system 
also come into play and may be represented: 

OH OH- 

[Cat. Th] 2+ N [Cat Th(OH)] + _, [Cat. Th(OH) 2 ] (2) 

N - 'C 

In acidic medium curves 1, 2, 3, 4 and 5 (Fig 2) for the potentiometric titrations of 
thorium nitrate with caustic potash in presence of 1, 2, 3, 4 and 5 moles of catechol 
respectively, are similar to each other with a common point of inflexion at four 
equivalents of alkali indicating the similarity of reactions Thus in acidic solution 
the formation of thorium mono-catechollate was indicated irrespective of the amount 
of catechol present in the system. This was confirmed by the actual isolation of the 
precipitates However, beyond the inflexion point, m = 4 where m represents 



Fio. 2.—Curves (0), (1), (2h (3), (4) and (5) represent potentiometric titrations of 
thorium nitrate (0 05 M, 20 ml) with caustic potash (1 M) in presence of 0,1,2,3,4 
and 5 ml of catechol (1 M). 

Curve (6): same as curve (5) but with ammonium hydroxide in place of caustic 
potash, m = mole of base added per mole of thorium ion. 
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equivalents of base added per mole of thorium ion, the curves begin to fall short 
indicating equilibria of the type: 

OH' Cat. Cat. 

[Cat. Th(OH)d _^ [Cat.Th(OH)j]- _, [Cat. 2 Th(OH)]- __ [Cat. 3 Th]2- 

^ ll 

The inflexions at m = 4, 5, 6 in curves (1), (2) and (3) are easily explained by the 
above equilibria. 



Fig. 3.— Curves (1), (2) and (3) represent potentiometric titrations of catechol 
(0 5 M. 20 ml) with molar caustic potash in presence of 5 ml of water, thorium 
nitrate (0 05 M) and nitnc acid (0-2 M). 

In curves (4) and (5) (Fig. 2) inflexions occur at m = 7 and 8 respectively. These 
appear to be due to the neutralization of free catechol by the extra one or two moles 
of alkali respectively, but the possibility of further weak ehelation by catechol could 
also be inferred from these observations. To distinguish between these possibilities 
potentiometric titrations of catechol with caustic potash (curves (1), (2), Fig. 3) in 
the absence and presence of small amounts of thorium ion were carried out and it 
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was found that the excess alkali consumed to the inflexion point in the experiment 
shown in curve (2) compared with that in curve (1) was equal to six moles per mole 
of the metal ion. This fact together with the inflexions at m = 7 and 8 in curves 
(4) and (5) (Fig. 2) indicate the probability of the formation of the tri-catechollate 
only. A compound having catechol to thorium ratio equal to four could only be 
isolated (preparation 2b) in the presence of a large excess of catechol. In view of 
the above, this compound appears to have the formula (NH 4 ) 2 [Th(C 6 H 402 )j]. C 6 H 6 0 2 
rather than (NH 4 ) 2 H 2 [Th(C 6 H 4 0 2 ) 4 ]. 

EQUILIBRIUM AND FORMATION CONSTANTS 
As catechol is prone to be oxidized by atmospheric oxygen, particularly in 
alkaline media, titrations have been repeated in an atmosphere of nitrogen, curves 
(1'), (2'), (3') and (4') (Fig. 4). This also served the purpose of excluding carbon 
dioxide from the system. In these latter titrations, the ionic strength was maintained 
relatively constant by using a medium containing 0-1 M potassium nitrate and low 
concentrations of ligand and metal ion to enable calculations of equilibrium and 
formation constants. 



ml of KOH (0 I M) 

Fra. 4.—Potentiometnc titrations of thorium nitrate with caustic potash in presence 
of catechol at 0-1 M ionic strength in nitrogen atmosphere: Curve (10,5 x 10~ 3 M in 
thorium nitrate and 5 x 10 - 3 M in catechol; Curve (20,5 x 10 -3 M in thorium nitrate 
and 1 x 10 -2 M in catechol; Curve (30,5 x 10~ 3 M in thorium nitrate and 1-5 x 10~ 3 
M in catechol; Curve (40,5 x 10 -3 M in thorium nitrate and 2 x 10 -2 M in catechol. 

(s) P. F. Timberlake, J. Chem. Soc. 4987ft957). 
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As the mono-catechollate derivative alone appears to he formed in the acidic 
range, it was considered of interest to calculate the equilibrium constant of the 
reaction given by: 

[ThA 2+ ][H+] 2 

[Th< + ][H 2 A] , ' ( 

K was calculated from the various concentrations of [ThA 2+ ], [H + ], [Th 4+ ] and 
[H 2 A] present in the equilibrium mixture. Over the pH range studied the concentra¬ 
tions of [HA - ], [A 2- ] and [OH - ] were negligible compared to the other ionic species 
present 

The values of p K were calculated at various points on the curves (1') to (4') 
(Fig. 4) from m = o to m = 1-5, where m represents moles of base added per mole 
of the metal ion. It was observed that as the molar ratio of catechol to thorium in 
the reaction mixture was increased the constancy of the values of pK improved at the 
greater values of m. This indicated that in the presence of excess of catechol the 
reaction (1) is pushed towards right and the hydrolytic effects in the system are 
gradually reduced. Numerical data obtained for curve (4') are shown below. 


Ml. KOH 

0-2 

0-4 

0-6 

0-8 

1 0 

1-4 

1-8 

2-4 

pH 

2 82 

2 86 

2 89 

2 93 

2-96 

3-03 

3-11 

3-18 

P K 

4-542 

4-544 

4-524 

4 533 

4 523 

4-526 

4-559 

4-490 


Mean p K = 4-526. 


After determining the equilibrium constant of the reaction (1), the formation 
constant k of the complex ThA 2+ was determined from: 

k = —w ere K al (3- 7xlO“ 10 ) and K al (l-5xl(T 13 ) 6 
A«i A fl2 

represent dissociation constants of catechol. Thus the value of log k = 17-72 was 
obtained. 

Attempts were also made to calculate the equilibrium and formation constants 
for other equilibria indicated in the electrometric studies. However, on the alkaline 
side the hydrolytic effects cause too much disturbance for anything beyond very 
approximate values to be obtained. 

Although not investigated from that view point, the titration curves indicate 
that it would be possible to estimate thorium ions electrometrically with caustic 
potash when a pronounced inflexion at four equivalents of alkali is obtained. 

Acknowledgement —Thanks of the authors are due to the Council of Scientific and Industrial 
Research authorities for providing a junior research fellowship to one of them (R.P.A.) 




1 Inor* Nuol. Cham., 1942, VoL 24, pp. 82? to (38. Petgamcm Preaa Ltd. Primed in England 


fluorescence of metal chelate compounds of 

8-QUINOLINOL—III 

f 

THE MONO<8-QUINOLlNOL)-ALUMINIUM SPECIES ' 

IN ABSOLUTE ETHANOL 

W. E. Ohnesorge and A. Capotosto, Jr. 

Department of Chemistry, University of Rhode Island, Kingston, Rhode Island 
(Received 9 October 1961 ; in revised form 13 November 1961) 

Abstract—Fluorometnc, absorptiometnc, and potentiometric data have confirmed the 
existence of a fluorescent species formed between aluminium ion and 8-quinolinol having 
a hgand-to-metal molar ratio of one. This species in absolute ethanol is probably a poly¬ 
nuclear complex and has a formation constant estimated to be in the order of 10 9 . The 
nature of the chelation reaction is discussed; it apparently proceeds via replacement by 
oxine of a solvated ethoxide ion and a solvated ethanol molecule from the co-ordination 
sphere of the aluminium ion 

The anomalous increase in the fluorescence intensity and the shift of the wavelength 
of maximum emittance which accompany the partial decomposition upon addition 
of acid to or by exposure to ultra-violet radiation of aluminium oxinate solutions 
prepared by dissolving the solid in ethanol (or m chloroform) has been attributed to 
the formation of a lower complex between the metal and the ligand.® It is hardly 
surprising that the lower complex(es) might exist or that such species would be 
capable of fluorescence. Irving had previously suggested the existence of an 
alumimum-oxine chelate having a hgand-to-metal ratio of one or of two.® A one- 
to-one fluorescent species between aluminium ion and morin was postulated by 
Szambo and Beck.® These species would meet the generally accepted (necessary, 
but not sufficient) requirements for fluorescence: a closed ring and, in the case of 
the monoligand species, a planar structure. 14 ’ 5) 

In the present work absorbance and fluorescence data obtained using the Molar 
Ratio Method confirm the existence of a one-to-one aluminium-oxine complex 
species in absolute ethanol. The formation constant was estimated from the same 
data and from other data obtained by titration. The titration data also show that the 
formation of the lower complex in slightly acidic, neutral, or slightly alkaline absolute 
alcohol proceeds by a mechanism in which the ligand molecule replaces a solvated 
ethanol molecule and a solvated lyate ion which takes up the phenolic proton from 
the 8-quinolinol. 

111 W. E. Ohnesorge and L. B Rogers, Spectrochim. Acta 41 (1959). 
m H. Irving, E J. Butler and M. F. Ring, J. Chem. Soc. 1489 (1949). 

,5) 2 G. Szambo and M. T. Beck, Acta Chim. Acad. Sci. Hung. 4 , 211 (1954). 

(4) W. West, Chemical Applications of Spectroscopy, Chap. 6, Technique of Organic Chemistry, 
Vol. 9 (Edited by A. Weissberoer). Interscience, New York (1956). 

(SI T. FOrster, Fluoreszenz Organiscker Verbindungen, Chap. 22. VandenhOck and Ruprecht, 
GOttingen (1951). 
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All solutions were prepared from reagent-grade chemicals. The 8-quinolinol (Eastman, 
White label) was assayed by the standard bromination technique,! 61 found to be sufficiently 
pure, and was used as obtained. 

Solutions of aluminium ion in absolute ethanol were prepared by dissolving the hydrated 
nitrate or the anhydrous chloride salt. The salts were analysed gravimetrically by precipita¬ 
tion and weighing of aluminium oxinate.< 6 > Working solution concentrations were made 
sufficiently dilute to avoid fluorometric errors due to attenuation! 71 which occurred if the 
absorbance of the solution (in 10 cm cells) exceeded 0-6 at the wavelength used to excite 
fluorescence. 

The apparent-pH measurements were made with a Beckman Zeromatic pH Meter 
using a saturated calomel electrode and a glass electrode The meter was “standardized" 
against absolute ethanol before beginning each experiment by adjusting the asymmetry 
control to obtain a meter reading of 1 -0, 3 0, 7 0 or 11 -0 depending on the composition of 
the experimental solution and on the acidity changes expected in the experiment The data 
were converted for comparison purposes to a common base of 11 0. The conversion of 
experimental pH data to the common base was validated by running replicate titrations 
using different standardization values. The reproducibility of measurements varied, but not 
sufficiently to affect interpretation of the results, which are based only on rather large 
changes in apparent-pH. 

Absorbance data were obtained on a Beckman Model DK.-2 recording spectrophoto¬ 
meter and on a Coleman Model 14 spectrophotometer; cells with an effective path length 
of 1 -1 cm were used with the latter instrument. Radiation at the wavelength selected for 
absorbance measurements (365 m/i), which was used also to excite fluorescence, is absorbed 
by the aluminium-oxine species, protonated oxine (8-qumolmium ion), and the oxinate ion, 
but is not absorbed appreciably by oxine. < 8 > 

Fluorescence intensity measurements were made on a modified Farrand Model 104243 
spectrofluorometer; 5 m/x slits were used in both monochromators. The instrument was 
modified by substituting a low-pressure mercury lamp (General Electric UA-2) for the xenon 
source supplied with the fluorometer. Fluorescence intensity measurements were made at 
498 m fi near the apparent maximum m the emission spectrum of the alumimumoxine 
species as determined on solutions prepared by dissolving solid aluminium oxinate in 
absolute ethanol. 

Fluorescence intensity and absorbance measurements have been corrected for dilution, 
fluorescence data were also corrected for background as determined with pure solvent. All 
fluorescence intensity measurements were made with reference to a quinine standard 171 
The instrument was calibrated daily with 3 0 p.p.m. solution of quinine sulphate in 0 1 N 
sulphuric acid. The fluorometer sensitivity was set to give ah emittance reading at 495 m/i 
of 0-2 nA when the standard was excited with 365 m/i radiation. 


RESULTS AND DISCUSSION 

An equilibrium diagram showing amounts of three oxine species in absolute 
ethanol solution as a function of the apparent-pH (based on the pure solvent having 
a value of 11-0) is shown in Fig. 1. The diagram was constructed using molar 
absorbance values obtained with oxine solutions which contained a large excess of 
acid or of base and from absorbance and apparent-pH data obtained when ethanolic 
oxine solutions were titrated with standard hydrochloric acid or with standard sodium 
hydroxide solutions in the same solvent. Figs. 2 and 3. Fluorescence was not observed 
and was not expected in these systems. 181 

161 1. M. Kolthoff and E. B. Sandell, Textbook of Quantitative Inorganic Analysis (3rd Ed) 
lillan. New York (1955). 
and L. B. Rogers, Analyt. Chem. 27, 961 (1955). 
irge and L. B. Rogers, Speetrochim. Acta 27 (1959). 
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A 6 8 10 12 14 16 18 


pH 

Fio. 1.—Equilibrium diagram for oxine in absolute ethanol, showing the fraction,/, 

of oxine present as: 

HiOx+ = 8-quinolinium ion 
HOx = 8-qumolmol 

Ox - = 8-quinolinolate ion. 



Fig. 2.—Variation of apparent-pH and absorbance at 365 nyt during the titration 
of 50 ml of 0 10 mM oxine with 198 mM HC1. Solvent: absolute ethanol, 
O: apparent-pH A: absorbance (1*1 cm cells). 
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The equilibrium diagram shows that whenever the apparent-pH is less than 6 no 
significant amounts of oxine, i.e. less than one per cent, will exist in solution and the 
protonated species, 8-quinolinium ion, will predominate. Between an apparent-pH of 9 and 
13 the molecular form will be the important species in solution, but above 15 the 8-quino- 
linolate ion will predominate. 
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Fig. 3.—Variation of apparent-pH and absorbance at 365 mfi during the titration 
of 50 ml of 0 10 mM oxine with 2 0 mM NaOH. Solvent, absolute ethanol, 
O: apparent-pH A: absorbance (11 cm cells). 


From the equilibrium diagram the p Kb for oxine in absolute ethanol is estimated to be 
approximately 13. The pK„ of the 8-quinolinium ion is equal to the (true) pH at which the 
amounts of this ion and its conjugate base, oxine, are equal. This occurs (Fig. 1) at an 
apparent-pH of 7-8. Considering that the autoprotolysis constant for absolute ethanol, 
Ks, is 10 -19-5 , (,) i.e. neutral absolute ethanol has a true-pH of 9-75, not 110, equal amounts 
of oxine and its conjugate acid would exist at a true-pH of 6 6. Because the sum of the pKa 
for an acid and the pX* of its conjugate base is equal to the pAs of the solvent, the pKi, . 
of oxine is (19 5-6 6) or about 13. An estimate for the p Ka of 14 is similarly obtained 
Agreement with values predicted by the pertinent equation of Grunwald and Berkowitz 11 " 

(pKb — 13-5, pK a = 15-5) is satisfactory. Another estimate for pKb made from the rounding 
near the stoicheiometnc point of the absorbance titration curve of oxine with acid gave 
a value of 13. 

The apparent-pH titration curves observed when solutions of aluminium ion were 
titrated with alcoholic sodium hydroxide are shown as a function of the solvent composition 
in Fig. 4. Only one break was observed; in absolute ethanol it occurred when the molar 
amount of added hydroxide was equal to two and one-half times the molar amount of 
aluminium present. When the amount of water in the solvent was increased, the hydroxidc- 
to-aluminium molar ratio at the endpoint also increased but the magnitude and the sharpness 
of the break in the curve decreased. 

* Aluminium hydroxide precipitates were observed in aqueous and in 50 per cent ethanol 
solutions, but not in 95 per cent or in absolute ethanol solutions even upon standing for 
1 hr after titration. No measurable absorption at 365 m/i and no fluorescence was detected 
during these titrations. 

(W E^Urunwald and B. J. Berkowitz, J. Timer. Chetn. Soc. 73, 4939 (1951). 

W**' 
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Fig. 4. —Variation of apparent-pH for non-aqueous systems and pH for aqueous 
systems during the titration of 50 ml of 0-077 mM AICI 3 with 1 -85 mM NaOH as a 
function of the solvent. O: absolute ethanol, A: 95 per cent ethanol, □: 50 per cent 

ethanol, H 2 O. 

The hydrated aluminium ion behaves as a weak acid in water, pA",, of about 5.< 10 > 
Titration with aqueous hydroxide produces a precipitate of hydrated aluminium 
hydroxide and an end-pomt break is observed when approximately three moles of 
hydroxide ion have been added for each mole of aluminium. <n - 12> The existence and 



Fig. 5.—Variation of absorbance at 365 m ft and fluorescence intensity at 498 m/x 
(365 m/i excitation) with amount of 2-0 mM oxine added to 40 ml 0-12 mM A 1 C 13 
in 0-75 mM NaOH. Solvent: absolute ethanol, A: absorbance (in 1-10 cm cells), 
O. fluorescence (arbitrary units). 


,|0) J. Bjerrum (Editor), Stability Constants, Pt. II, pp. 20, 21. The Chemical Society, 
London (1957). 

(11) I M. Kolthoff and V. A. Stenger, Volumetric Analysis , Vol. 2, pp. 183-186. Inter' 
science, New York (1947). 

(12) S. LaCroix, Anal. Chim. Acta 1, 3 (1947). 
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stability of polynuclear complexes in aqueous solution has been verified and some 
of these species have a molar ratio of hydroxide to aluminium of 2-5.< 10 > >3.14) 

One would expect the solvated aluminium ion in absolute ethanol to be acidic. 
The exact nature of the species cannot be predicted with certainty. It appears, 
however, that traces of water would not displace the solvated ethanol. Bjerrum and 
Jorgensen < 15 ' l<5 > have shown that increasing the alcohol content of methanol- or 
ethanol-water solutions of trivalent neodymium, divalent copper, nickel or cobalt 
results in gradual replacement of solvated water molecules with the alcohol. Similar 
titration curves were observed when ethanolic solutions prepared from anhydrous 
aluminium chloride and those prepared from the nitrate nonahydrate were titrated 
with alcoholic sodium hydroxide. 

The acid dissociation constant of solvated aluminium ion in absolute alcohol 
would be expected to be smaller than the corresponding value for aquated aluminium 
ion in water because ethanol is both a weaker acid and a weaker base than water 
One would also expect polynuclear complex species to be found in absolute ethanol 
solutions. Thus, near the break in the titration curve for aluminium with hydroxide, 
the predominant metallic species in absolute ethanol solution written in its simplest, 
though perhaps incorrect,<t J > form would be - 


Al 2 (OC 2 H 5 ) 5 (C 2 H 5 OH)J 


~HS\ /S\ /SH~ + 

S —Al—S—Al—S where S = C 2 H s O-. 

_HS/ \S/ \SH_ 


A Molar Ratio study was made by adding different amounts of oxine to solutions 
which contained a given amount of aluminium chloride. Sodium hydroxide was also 
present in sufficient quantity to neutralize any protons released during solvolysis and 
complexation and to maintain the apparent-pH at a value, near 10, such that nearly 
all uncomplexed oxine would exist in the molecular form. Absorbance and emittance 
measurements were made ten minutes after preparation. Both the absorbance and 
the emittance were found to increase during the first 8 min after preparation, but 
then remained constant for at least 1 hr Typical results are shown in Fig. 5 and 
indicate that a one-to-one complex species is formed between the aluminium ion and 
oxine. 

The slight rise in the fluorescence curve beyond the stoicheiometric point is 
attributed to the very slight amount of oxinate ion which is formed at this apparent- 
pH. The oxinate ion will force the formation of more complex by mass-action 
A similar but somewhat greater rise in the absorbance curve is probably due to the 
same effect plus the effect of the absorbance of the excess oxine and the oxinate ion, 
the latter absorbs appreciably at 365 mp. 

Only the chloride band (near 200 mp) appeared in the absorption spectrum of 
the original solution. Addition of oxine resulted in the appearance of bands near 
310 mp and near 375 mp. The “310 mp” band appears in the spectra of oxine and 
of aluminium oxinate: the “375 mp” band is characteristic of the complex. (8) Both 
bands increased in intensity until the ligand-to-metal ratio was one; beyond this 


<13) C. Brosset, G. Biedermann and L. G. Sillen, Acta Chem. Scand, 8, 1917 (1954). 
04) w. D. Treadwell and M. Zurcher, Helv. Chim. Acta 15, 980 (1932). 

(I5 > J. Bjerrum and C. K, Jorgensen, Acta Chem. Scand. 7,951 (1953). 

(I «> C^K. Jorgensen, Acta Chem. Scand. 8*475 (1954). 
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point only the “310 m/i” band continued to increase in intensity with increased 
amounts of 8-quinolinol. The fluorescence spectra were identical for all solutions, 
a broad structureless band with a peak at 508 my which very strongly suggests that 
the same fluorescent species exists in each of these solutions. 

The formation of the complex ion was also followed by titrating solutions which 
contained both aluminium chloride and oxine with standard ethanolic sodium 
hydroxide. The titrations were followed by measuring the apparent-pH, absorbance, 
and fluorescence intensity as before. Readings were made immediately after the 
addition of each increment of base; no kinetic effect was noted and the measured 
quantities remained constant for at least 20 min. 

The apparent-pH titration curves showed a single endpoint break when the 
hydroxide-to-aluminium molar ratio was about 2-5. With the exception of the initial 
apparent-pH values all curves were identically shaped and similar to those obtained 
when aluminium ion alone was present in the titrated solution. 

All absorbance titration curves showed two breaks. The final break occurred 
when 2 5 times the molar amount of hydroxide ion (to aluminium ion) had been 
added. The other break was more clearly defined and occurred when the same ratio 
was about 2-0. Most curves had similar shape, except those obtained with solutions 
having an oxine-to-metal molar ratio less than about 1-5, and in these cases an initial 
flat portion was observed as in Fig. 6. The absorbance of the original solutions was 



Fig 6. — Variation of absorbance at 365 m y and fluorescence intensity at 498 nr \y 
(365 my. excitation) with added 1 -85 mM NaOH. Initial solution: 50 ml, 010 mM in 
oxine and 0 10 mM in AICI3. Solvent: absolute ethanol, A • absorbance (1-10 cm 
cells), O: fluoerscence (arbitrary units). 

proportional to the amount of oxine present except for those with large ligand-to- 
metal ratios, Table 1. 

Variation of the emittance with the amount of base added is shown for a typical 
case in Fig. 6. All curves were similar except as noted below. No appreciable 
emittance was observed from solutions as originally prepared. Addition of base 
caused an increase in fluorescence, at first rather slowly then more rapidly as indicated 
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Tabu 1.—Summary of data obtained in the titration of Al 1 " and 

OXINE SOLUTIONS WITH HYDROXIDE 


Total 

(AP+) 

(mMole) 

Ligand-to-metal 
molar ratio 

Initial 

At “endpoint" 
when (OH"/AP + ) =25 

Apparent-pH 

Absorbance 
365 mfi 

Absorbance 
365 m/i 

Emittance 
at 495 mfi 

010 

0-30 

57 

0-05 

0-05 

0-5 

0-067 

0-75 

6 2 

0 07 

0 07 

1-2 

0-10 

0-50 

61 

0-08 

0-08 

09 

0-10 

0-80 

6 1 

0-14 

0-10 

1-3 

0-10 

1-0 

4-8 

016 

0-14 

1-4 

0-10 

2-0 

5-2 

0-29 

016 

1 5 

0 10 

3 0 

67 

0-36 

0-21 

1-6 

0-15 

1-0 

46 

0-23 

0 19 

1 8 


by the increasing slope of the fluorescence titration curve. The maximum emittance 
was first observed when the hydroxide-to-aluminium molar ratio was approxim¬ 
ately 2-5. 

When the ligand-to-metal molar ratio was one or above, the final absorbance 
and fluorescence intensity values were almost directly proportional to the amount of 
aluminium present, but did depend to a small extent on the ligand-to-metal ratio, 
probably due to a mass-action effect of excess ligand. However, if this ratio was less 
than one, the amount of oxine effectively determined the final absorbance and 
emittance values, although mass action effects due to excess aluminium were notice¬ 
able. These results are summarized in Table J 

It is evident from these data that the formation of the monoligand complex 
proceeds as a replacement reaction in which the oxine, a bidentate, displaces a 
solvated ethoxide ion and a solvated ethanol molecule. The displaced ethoxide ion 
is converted to ethanol using the phenolic proton of oxine, e.g. 


“HS\ /S\ /SH~ 
S—Al—S—Al—S 
HS/ \S/ \SH 


+2HOx = 


Ox\ /S\ /SH~| + 

\—Al—S—Al—\ +4SH 

HS/ \S/ \Ox 


( 1 ) 


where S = C 2 H 5 0“ and Ox" = 



If the oxinate ion displaced two solvated ethanol molecules, the amount of acid 
consumed in these titrations would be larger than 2-5 times the molar amount of 
aluminium, i.e. larger than the quantity of base used to neutralize solutions con¬ 
taining only the metallic ion, and the amount of base consumed would increase 
proportionally with the amount of ligand»«ntering into complexation. 
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Absorption and fluorescence spectra were recorded on.several solutions during 
the course of these titrations. The absorption spectrum of the initial solution is 
essentially that of the 8-quinolinium ion showing bands at 315, 330 and 363 
The addition of hydroxide ion causes a decrease in absorbance at 365 m/i and the 
maximum near 315 m/t blue-shifts. When the added base is about two times the molar 
amount of aluminium (minimum in the absorbance titration curve) the band pear 
370 m n has almost disappeared and the band near 315 m/x has blue-shifted to 308 mp. 
The spectrum is essentially that of oxine. < 8 > Further addition of base causes a red- 
shift of the 310 m/i band to 315 m/i again, and the reappearance of a band near 370 
mu, but now the peak is at 375 m/i (365 m/i before). This spectrum is similar to those 
obtained on solutions prepared by dissolving solid aluminium oxinate in ethanol.* 81 
The fluorescence spectra obtained from these solutions were identical in shape: 
a structureless band with the apparent wavelength of maximum emission at 506 mp. 

Further examination of these titration curves reveals that there is virtually no 
coinplexation in these solutions as originally prepared. In most cases, except those 
in which the ligand-to-metal ratio is larger than about three, most of the ligand is 
protonated and there are free hydrogen ions, i.e protonated ethanol, as evidenced 
by the initial apparent-pH readings less than about 6. 

The introduction of base neutralizes the free-acid or deprotonates the 8-quino- 
linium ions: 

C 2 H 5 OH 2 + +OH- = H 2 0-f-C 2 H 5 0H (2) 

H 2 Ox + -f OH - - H 2 0+HOx (3) 

These reactions may be assumed, as a first approximation, to go to completion. The 
equilibria of importance are then 

H 2 Ox + =H + +HOx (4) 

[Al(III)]+H 2 Ox 4 = [A1 (III)Ox]+SH 2 + (5) 

where Al(III) = solvated aluminium ion. 

As more base is introduced these equilibria shift toward the right, fluorescence 
intensity increases with formation of more of the complex, but the absorbance 
decreases because of oxine formation. With increased oxine concentration the 
complexation equilibrium (6) becomes more important: 

[Al(III)]-fHOx = [Al(III)Ox]+SH (6) 

Because the equilibrium represented by reaction (6) would favour the right hand 
side more than would reaction (5), the rise in emittance is more rapid as the quantity 
of free oxine increases and eventually the absorbance will increase due to complexa¬ 
tion of the oxine. Beyond the endpoint a small amount of oxine is neutralized with 
an attendant small increase in the amounts of the complex species and ihe oxinate 
ion which result in a slight increase in fluorescence and a slightly larger increase in 
absorbance at 365 m/i as stated previously. 

Numerical analysis of these titration data also substantiate the reaction sequence 
outlined above. The amount of complex at any point during the titration can be 
calculated from the emittance. The absorbance due to the complex was then calculated 
and subtracted from the observed absorbance. The residual absorbance was used to 
calculate the amount of 8-quinolinium ion or the amount of oxinate ion depending 
on the observed apparent-pH. The amount of free 8-quinolinol was then determined 
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by difference from the known total ligand in the solution. The expected apparent-pH 
was found from the equilibrium diagram using the calculated ratio of oxine to its 
conjugate acid or base and compared with the observed value. The extent of agree¬ 
ment is shown for one case in Table 2. 


Table 2.—Results of numerical analysis of data obtained in titrating a solution 
0-10 mM in AlCb and 0-30 mM in oxine with 2 00 mM NaOH 



Concentration of 


Apparent-pH 

(St) 

[AlOx] 

(mMole) 

H 2 Ox + 
(mMole) 

HOx 

(mMole) 

Ox - 

(mMole) 

Calc. 

Obs. 

0-2 

0 007 

0-25 

0 04 

_ 

7-0 

7-0 

0-6 

0017 

0-20 

0 08 

— 

7-4 

7 2 

10 

0-029 

015 

0 12 

— 

7-7 

7-5 

1-4 

0 044 

009 

0-17 

— 

8-1 

7-7 

1-8 

0 061 

004 

020 

— 

8-5 

8 1 

2-2 

0-078 

— 

0-22 

— 

10-12 

9.4 

2-6 

010 

— 

0-19 

0-01 

13-2 

12-5 

3 0 

Oil 

— 

018 

0-01 

13-3 

13 3 

3-4 

0-11 

— 

0 18 

0-01 

13-3 

13-7 

4-0 

0-11 

— 

017 

0-02 

13-6 

141 


The equilibrium constant for reaction (1) was estimated from these data and also 
from the data obtained in the Molar Ratio study. Although the stoicheiometry of 
the true formation reaction is uncertain and probably varies with the acidity of the 
solution, reaction ( 1 ) would appear to provide the most reasonable basis m view of the 
present work for such calculations applied to nearly neutral solutions. Calculations 
using fluorescence and absorbance data from the Molar Ratio study and titration 
data in nearly neutral solutions gave an average value of the formation constant of 
about 10 9 ; agreement among individual values was only fair. 
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THE SYSTEM Cr 2 0 3 -U02-0 2 * 
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Nuclear Materials and Propulsion Operation, Flight Propulsion Laboratory Department, 
General Electric Company, Cincinnati 15, Ohio 

( Received 16 October 1961; in revised form 14 November 1961) 

Abstract —Three phases were identified in the Cr 203 -U 02 -O 2 system between 1200 and 
1600° C; namely, C^Oj, UjOs, and a mixed oxide of the composition CrUO,». The mixed- 
oxide phase has orthorhombic symmetry and the lattice constants: a 0 = 4-86« A, 
b 0 = 5 04t A and c 0 = ll -78 5 A. It is probably isostructural with the mineral puchente 
which has the composition B 1 VO 4 . 

CrU 04 was found to volatilize at elevated temperatures, probably dissociating into 
UO 3 and Cr0 3 . The activation energy for this process is 97 kcal/mole. 

A number of trivalent metal oxide-uranium oxide systems have been investigated. 
In the UO 2 -AI 2 O 3 system there is no evidence for solid solution or compound 
formation . 11 ' 1 - 51 However, in the rare earth oxide systems such as lanthanum oxide, 
neodymium oxide, samarium oxide and ytterbium oxide with U 3 0 8 , mixed crystals 
having the fluorite structure have been prepared .* 41 Yttrium oxide * 51 and scandium 
oxide * 41 also form mixed crystals of the fluorite type In addition the rare earth 
oxides react with U 3 O g to form a mixed oxide phase having rhombohedral symmetry .* 61 
Information concerning the uranium oxide-chromium oxide system is limited. 
In the course of Cr-U 3 Og reaction studies, Borchardt * 71 showed that Cr 2 0 3 and 
U 3 0 8 react to form a new phase. This phase was assumed to contain three moles of 
Cr 2 0 3 to two of U 3 0«. X-ray data for the new phase was presented In reactions 
between U0 2 and Cr 2 0 3 no new phases were found. This is the extent of the informa¬ 
tion on the uranium oxide-chromium oxide system. 

The purpose of the work reported here was to explore more extensively the 
U 3 0 8 -Cr 2 O 3 system in order to determine the phases present. In addition, data is 
presented concerning the structure of the phase originally observed by Borchardt.* 71 

* Work performed under AEC Contract AT(11-1)-171. 

t Presently associated with the Advanced Materials Research and Development 
Laboratory, Pratt and Whitney Aircraft, North Haven, Connecticut 

111 S M. Lang, F. P. Knudsen, C. L. Fillmore and R. S. Roth, High Temperature Reactions 
of Uranium Oxide with Various Metal Oxides, NBS Circular 568 (1956). 

<2) H. R. Hoekstra and S, Siegel, Proceedings of the International Conference on the 
Peaceful Uses of Atomic Energy, Geneva, 1955, A/Conf. 8/P/737. United Nations (1956). 
( ” W A. Lambertson and M. H. Mueller, J. Amer. Chem. Soc. 36, 329 (1953). 

“ I) F. Hund and U. Peetz, Z. Anorg. Chem. 271, 6-16 (1952). 

,5) F. Hund, U. Peetz and G. Kottenhahn, Z. Anorg. Chem. 278, 184-191 (1955). 

" :i E, F. Juenke. To be published. 

171 H. C. Borchardt, J. Inorg. Nucl. Chem. 12, 113-21 (1959). 
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EXPERIMENTAL 

The starting materials used in this investigation were high-purity Cr 2 0 3 and U0 2 or 
U 3 O 1 . It should be noted that no effort was made to attain stoicheiometric UOj.o. Thermo- 
gravimetric analysis indicated the oxygen-uranium ratio of the starting material to be 
nearer 2 10 . 

The powders were blended by grinding in an agate mortar, and were reacted in platinum 
cups in a muffle furnace in stagnant air. For several experiments the powders were reacted 
in sealed quartz tubes in vacuum. The phases present in the reacted powders were determined 
by standard X-ray diffraction powder techniques. Both film and diffractometer methods 
were employed. 

To determine the chemical composition of the intermediate phase in the system, mixtures 
on the urama-rich side were prepared and the excess U 3 O 8 removed by leaching with dilute 
nitric acid. The undissolved powder was analysed by wet chemical techniques for uranium 
and chromium. 

In order to determine the crystal symmetry of the intermediate phase, single crystals of 
the phase were grown. The crystals were grown in the solid state using bone oxide as a 
fluxing agent. Sufficient boric oxide was added so that one atom of boron was present for 
each cation in the urania-chromium oxide phase The powders were mixed in a high speed 
blender and heated in a platinum dish for about 100 hr at 1370° C Single crystals suitable 
for X-ray structural analysis were isolated from the reaction product 

For studies of the volatility of the intermediate compound between urania and chromium 
oxide, the loose powder was heated in platinum buckets for varying lengths of time between 
1350 and 1550° C. The buckets were weighed before and after heating with allowance made 
for loss of platinum. 


RESULTS AND DISCUSSION 

1. Phase studies 

The initial experiments involved the reaction of U0 2 and Cr 2 0 3 , in varying 
proportions, in air at 1200, 1400 and 1600° C The weight changes observed during 
firing were noted and the phases present after firing determined by X-ray powder 
methods. The results obtained are found in Table 1. At each of the temperatures 
three phases were found; namely, chromium oxide (Cr 2 0 3 ), uranium oxide (U 3 O s ), 
and a dark grey mixed oxide phase. As indicated by the X-ray results, the mixed 
oxide phase was identical to that reported by Borchardt < 7) At Cr 2 0 3 compositions 
greater than 27 w/o, the two phases present were the mixed oxide and Cr 2 0 3 . At 
Cr 2 0 3 compositions below 20 w/o, the mixed oxide phase was found to co-exist with 
U 3 C>8. Preparations containing about 22 w/o Cr 2 0 3 showed only the mixed oxide 
phase to be present. Examination of the data indicated that the mixed oxide con¬ 
tained uranium and chromium in equi-atomic amounts. This will be discussed in 
a later section. 

To determine whether the reaction occurs between U0 2 or U 3 Os and Cr 2 Ch. 
mixtures of each of the oxides with Cr 2 0 3 in the proper proportions were prepared 
The mixed oxides were sealed into evacuated quartz tubes and fired at 1200° C for 
24 hr. No reaction between U0 2 and Cr 2 0 3 was detected. However, the U 3 Os and 
Cr 2 0 3 were completely converted to the mixed oxide phase. This confirms the 
results reported by Borchardt. < 7 > 

*■ 

2. Determination of mixed oxide composition 

a. Thermogravimetric analysis. The results of the thermogravimetric analysis of 
the reaction between 2LJ0 2 and Cr 2 0 3 tend to show that U 3 Os is the active uranium 
ies. As seen in Fig. 1, the initial weight gains are due to the transformation 
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of U0 2 .io to U0 2 .j6 and then to U0 2 . 67 . These results are.in agreement with data 
ob tain ed by Juenke for the oxidation of U0 2 . (8) Between 855 and 1020° C the oxygen 
to uranium ratio decreases to about 2-50 and remains at that level to about 1400° C. 

Table 1.—X-ray data for Cr 2 0 3 -U0 2 mixtures heated in 


AIR AT 1200, 1400 AND 1600° C 


Original 

composition 

Cr 2 0 3 

(w/o) 

Temperature 

(°Q 

Time 

(hr) 

---n— 

, 

Phases found 

3 Cr 2 Oj + U0 2 

62 8 

1200 

24 

Cr 2 0 3 +mixed oxide* 

20*203 + UO 2 

52-8 

1200 

24 

Cr 2 0 3 +mixed oxide 

O 2 O 3 4- UO 2 

360 

1200 

24 

Cr 2 0 3 + mixed oxide 

2 O 203 + 3U02 

27-2 

1200 

24 

Cr 2 0 3 +mixed oxide 

Cr 2 0 3 +2U0 2 

21 9 

1200 

24 

Mixed oxide 

4Cr 2 0 3 +9U0 2 

201 

1200 

24 

Mixed oxide + U 3 Og 

2Cr 2 0 3 + 5U0 2 

18 1 

1200 

24 

Mixed oxide+ U 3 Og 

O 2 O 3 + 3U02 

16-4 

1200 

24 

Mixed oxide + U 3 Og 

2 O 2 O 3 4- UO 2 

360 

1200 

64 

Cr 2 0 3 +mixed oxide 

O 2 O 3 + UO 2 

52 8 

1200 

64 

Cr 2 0 3 + mixed oxide 

O 2 O 3 4-2U02 

21 -9 

1200 

64 

Mixed oxide 


52 8 

1400 

24 

Cr 2 0 3 + mixed oxide 

2Cr 2 0 3 +3U0 2 

27 2 

1400 

24 

Cr 2 0 3 + mixed oxide 

Cr 2 0 3 +2U0 2 

21-9 

1400 

24 

Mixed oxide 

4Cr 2 0 3 +9U0 2 

20 1 

1400 

24 

Mixed oxide+ U 3 Og 

2Cr 2 0 3 + 5U0 2 

181 

1400 

24 

Mixed oxide+ U 3 Og 

O 2 O 3 4- UO 2 

360 

1600 

4 

Cr 2 0 3 +mixed oxide 

2 O 2 O 3 4- 3U02 

27 2 

1600 

4 

Cr 2 0 3 +mixed oxide 

Cr 2 0 3 +2U0 2 

21 9 

1600 

4 

Mixed oxide 

4Cr 2 0 3 +9U0 2 

20 1 

1600 

4 

Mixed oxide+ U 3 Og 

2Cr 2 0 3 + 5U0 2 

18 1 

1600 

4 

Mixed oxide+ U 3 Og 


* Mixed oxide assumed to be CrUC>4 



Fiq. 1.— Thermogravimetric analysis of the reaction between 2 U0 2 and Cr 2 0 3 in air. 
181 E. F. Juenke. To be published. 
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This behaviour indicates that the reaction between U 3 Og and Cr 2 C >3 occurs in the 
temperature region from 855 to 1020° C. UjOs alone does not show such a marked 
decrease in oxygen-uranium ratio in this region. The oxygen-uranium ratio for the 
U 3 0^ phase at 1020° C is approximately 2-63.< 8 > If we assume that uranium and 
chromium are present in equi-atomic proportions then the equation for the reaction 
is given by: 

2 U 0 2 +Cr 2 03 +i 0 2 ->■ 2CrU0 4 

b. Chemical analysts. The metal atom concentrations in the mixed oxide phase 
were determined from two-phase mixtures where U 3 Og was the second phase. The 
U 3 0 8 was removed from the mixture by treatment with hot 1:1 nitric acid. X-ray 
patterns of the oxide insoluble in HNO 3 showed only the mixed oxide phase to be 
present, while solid obtained from the nitric acid by evaporation proved to be uranyl 
nitrate. 

In addition, both the insoluble and soluble materials were analysed by standard 
techniques for both chromium and uranium The results obtained are found m 
Table 2 and support the contention that uranium and chromium are present in 
equi-atomic proportions. In addition the sum of the U 3 Og content of the two portions 
and Cr 2 0 3 in the HNO 3 insoluble portion is 100 3 per cent. 


Table 2.—Analytical results of the HNOi-soluble and insoluble 
PORTIONS OF A UjOj-MIXED OXIDE POWDER 






U 

U 


CT 2 O 3 

U 

U 3 O 6 

- Found 

-For CrU0 4 


(SO 

<50 

(%) 

Cr 2 Oj 

CT 2 O 3 

HNO 3 insoluble 
HNO 3 soluble 

14-62 

Nil 

46-22 

26 45 

54 50 

31 19 

3-16 

3-13 



Fig. 2.—Weight loss vs. time facJCrUO* between 1350° and 1550° C. 
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3 . Volatility of CrU0 4 

The volatility of the CrU 04 phase was determined between 1350 and 1550° C. 
The powder used in this experiment had been previously reacted for 50 hr at 1200° C. 
The results obtained are presented in Fig. 2, where the logarithm of the weight loss 
is plotted against the logarithm of the time. The results indicate a nearly linear 
relationship between weight loss and time. A 5 g powder sanrjple of CrU0 4 , prepared 
at 1200° C, was heated for 115 hr at 1450° C in air. A total weight loss of 18-6 pei 
cent was observed. Chemical analysis, however, revealed that the relative proportions 
of uranium and chromium remained unchanged throughout the experiment (Table 3). 

Table 3. —Analytical results— CrU0 4 heated 115 hr in air at 1450° C 

U (w/o) Cr (w/o) 

Initial composition 66T7 14 32 

After heat treatment 66 T 3 14-82 



It is therefore assumed that at these temperatures decomposition of CrU0 4 
takes place to form the two volatile oxides UO 3 and CrOj. 

The relationship between the reaction rate constant and temperature is presented 
■n the usual manner in Fig. 3. The activation energy for the process was found to be 
57 kcal/mole. 
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Table 4—Powder diffraction pattern of CrU0 4 




Relative 

Sin 2 9 

Sin 2 6 

hkl 

d( A) 

intensity 

observed 

calculated 

002 

5-84 

13 

0-0174 

0-0171 

101 

4-47 

8 

0-0297 

0-0294 

012 

3-82 

33 

0-0407 

0-0404 

111 

3 745 

100 

0-0531 

0-0527 

103 

3-045 

45 

0-0641 

0-0636 

004 

2-939 

5 

0-0688 

0 0685 

113 

2-609 

5 

0 0873 

0 0869 

014 

2-539 

23 

0-0922 

0-0918 

020 

2-520 

15 

0 0936 

0-0933 

200 

2-428 

18 

0-1008 

0-1003 

022 

2-319 

4 

0-1105 

0-1104 

202 

2-247 

5 

0 1178 

0-1174 

121 

2-198 

5 

0 1228 

0-1225 

105 

2-116 

6 

0-1325 

0-1318 

212 

2-050 

16 

0 1412 

0-1405 

006 

1-959 

7 

0 1546 

0-1538 

115 

1-951 

25 

0 1559 

0 1551 

123 

1 943 

30 

0 1572 

0-1566 

024 

1-914 

4 

0 1620 

0 1615 

204 

1 873 

10 

0 1691 

0 1685 

214 

1 757 

21 

0-1922 

0 1917 

220 

I 752 

21 

0 1933 

0 1933 

222 

1-678 

3 

0-2107 

0 2104 

125 

1 6226 

10 

0 2253 

0 2250 

032 

1 6179 

10 

0 2267 

0 2267 

301 

1 6051 

8 

0 2303 

0-2296 

107 

1 5894 

4 

0 2349 

0 2343 

131 

1-5767 

10 

0 2386 

0 2389 

026 

1 5487 

4 

0 2474 

0 2469 

311 

1 5304 

12 

0 2533 

0 2529 

206 

1-5269 

12 

0-2545 

0 2539 

117 

1 5159 

14 

0 2582 

0 2576 

224 

1 5048 

5 

0 2620 

0 2616 

303 

1 4981 

20 

0 2643 

0 2638 

216 

1 4614 

4 

0-2778 

0 2772 

313 

1 4369 

3 

0-2874 

0-2870 

018 

1 4132 

10 

0-2971 

0 2967 

321 

1 3554 

3 

0 3229 

0 3227 

232 

1-3478 

15 

0-3266 

0-3268 

127 

1 3447 

10 

0 3281 

0 3275 

305 

1 3362 

3 

0 3323 

0 3321 

135 

1-3186 

6 

0-3412 

0-3414 

226 

1-3074 

8 

0 3471 

0 3471 

315 

1 2915 

4 

0 3557 

0-3554 

323 

1 2891 

8 

0 3570 

0-3569 

028 

1 2722 

2 

0 3666 

0 3665 

109 

1-2646 

5 

0-3713 

0-3710 

234 

1-2532 

11 

0-3778 

0 3781 

218 

1-2223 

5 

0-3971 

0 3968 

400 

1-2171 

2 

0 4005 

0 4006 

307 

1-1680 

5 

0 4349 

0 4346 

331 

1-1630 

5 

0-4386 

0 4392 

044 

1 1601 

5 

0-4408 

0-4409 

137 

1-1569 

5 

0-4433 

0 4439 

317 

1 1382 

9 

0-4580 

0 4579 

129 

1 1307 

2 

0-4641 

0-4642 

228 

1-1280 

4 

0-4663 

0 4667 

240 

1-1216 

3 

0 4716 

0 4727 

038 

1-1091 

2 

0 4823 

0 4830 

414 

1 0981 

4 

0 4920 

0-4922 


Orthorhombic unit cell 

a = 4'86|A b = 5-04sA c = 11785 A 
Probable space group —Cmmc 

t ob» = 7 72 g/cm 3 / > c , lc =~RJ2 g/cm 3 


Z = 4 
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4 . Structure of CrU0 4 

Single crystals of CrU 04 suitable for structure analysis were obtained by the 
boric acid flux method previously described. Moving-film single-crystal photographs 
taken with a Weissenberg Camera showed that CrU0 4 has orthorhombic symmetry 
with a 0 = 4-86$, b 0 = 5-04 g and c B = 11 -78 5 A. The pycnometric density of CrU0 4 
was found to be 7-72 g/cm 3 , which gives 3-8 formula weights of CrU0 4 in the tinit 
cell. It can be assumed, therefore, that the cell contains four CrU0 4 units. These 
results indicate that this new compound is isostructural with the rare mineral pucherite 
which has the composition BiV0 4 . The X-ray data reported by deJong and deLange< 9) 
for pucherite gives an orthorhombic unit cell containing four BiV0 4 units with 
a 0 = 5-38, b a = 5-04 and c Q = 11 -98 A. 

The possible space groups, as determined from the systematic absences on the 
single crystal photographs, are C22{2, Cm2\c, and Cmmc. Space group Cmmc is 
most probably correct, since this would permit the sixteen oxygen atoms to be placed 
in a general position. A complete crystal structure determination is presently being 
carried out by Smith et < 2 / < 10 > at Lawrence Radiation Laboratory. Their preliminary 
results have shown CrU0 4 to crystallize in the unique space group Pbnc with pseudo¬ 
symmetry Cmmc. 

The X-ray powder diffraction pattern of CrU0 4 was indexed on the basis of the 
single-crystal photographs. These results are presented in Table 4, the intensities 
given were obtained from the diffractometer record. 

CONCLUSION 

At temperatures between 1200 and 1600° C, three phases are present in the 
Q 2 O 3 -UO 2 -O 2 system,namely. Cr 2 0 3 , U 3 O g ,and a mixed oxidephase. Thiscompound 
is the result of reaction between U 3 O g and Cr 2 0 3 but not between U0 2 and Cr 20 3 . 

Thermogravimetric analysis of the reaction between 2U0 2 and Cr 2 0 3 in air 
and chemical analysis of the mixed oxide phase indicate the chemical formula of the 
phase to be CrU0 4 . Although there is no evidence that this compound is a uranate 
of chromium, the formula CrU0 4 has been assigned by analogy with other well 
established compounds such as MgU0 4 and Ca 2 U0 4 . In these compounds the 
uranium is known to exist only m the tetravalent or hexavalent state. CrU0 4 , 
however, is highly unusual in this respect because the presence of pentavalent uranium 
is definitely indicated and the chemical formula of its composition could be written 
Cr 2 0 3 -U 2 05 . Equal quantities of U 4+ and U 6+ ions would be just as satisfactory an 
explanation; the crystal structure analysis may prove whether or not there are two 
kinds of uranium ions present. As another approach to the solution of the con¬ 
troversial question regarding the existence of U 5+ ions in solid compounds, magnetic 
susceptibility measurements on CrU0 4 should be earned out. 

Volatilization of CrU0 4 takes place as a result of dissociation of mixed oxide to 
U0 3 (g) and Cr0 3 (g). The activation energy of this process was found to be 97 kcal/mole. 

X-ray analysis of CrU0 4 single crystals show that this compound crystallizes in 
an orthorhombic cell containing four CrU0 4 units. The lattice parameters are 
« 0 = 4-86 g , b 0 = 5-04 g and c 0 = ll-78 5 A. 

Acknowledgement —The authors wish to thank E. A. Aitkbn for suggesting the problem 
and to G. Chase for some of the X-ray diffraction work. 

' 9) W. F. de Jong and J. J. de Lange, Amer. Mineralogist 21, 809 (1936). 

(l#) D. K. Smith, C. F. Cline and D. E. Sands, Nature, Lond. 192, 861 (1961) 
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Abstract—The reaction between chromyl chloride and silver borate has been investigated. 
Little reaction occurred when gaseous chromyl chloride was bubbled through a suspension 
of silver borate in carbon tetrachloride. Reaction between liquid chromyl chloride and 
silver borate led to the formation of a solid product from which brown crystals Cr 02 (B 0 2 )2 
could be separated. This decomposed rapidly in the presence of moisture and the aqueous 
solution contained free bone and chromic acids. The density of the solid was found to be 
1 8 and the refractive index in acetone solution was determined. The thermal decomposition 
ot the substance has been studied from 50° to 500°. The acetone solution of chromyl borate 
absorbed strongly around 335, 350, and 360 m ft. 

Chromyl chloride, Cr0 2 Cl 2 , is the only well known chromyl compound. Recently 
Krauss< 1) 2 * prepared chromyl acetate, Cr0 2 (CH 3 COO ) 2 in the form of red crystals 
having m.p 30-5 by shaking chromium tnoxide with acetic anhydride in carbon 
tetrachloride for 5 hr in the absence of light and moisture The compound is soluble 
in inert organic solvents, has absorption maxima at 283 and 400 mji (CCI 4 ) and 
fumes in air with the separation of a solid hydrolysis product. Forbes and Anderson (2> 
described the methods of preparation and properties of chromyl cyanates and 
thiocyanates. Chromyl isocyanate, Cr0 2 (CN0 ) 2 was found to be stable in solution 
in carbon tetrachloride only. Chromyl thiocyanate, Cr0 2 (SCN) 2 , existed only for 
a short time in solution when chromyl chloride was reacted with silicon thiocyanate, 
the brown solid which first separated decomposing with feeble explosions. 

Ruff and Braun <3) described the preparation of chromyl fluoride, Cr 02 F 2 , by 
mixing calcium fluoride and lead chromate with sulphuric acid or with fluorosulphuric 
acid. Wartenberg< 4) 5 showed it to be a brown gas condensing to a brown solid which 
ultimately polymerized to a white sohd Hellwege< 5> found the absorption spectrum 
of the gas to be remarkably similar to that of chromyl chloride. The researches of 
Cristol and Eiler< 6) and of Palmer (7> regarding the reactions and structure of 
chromyl chloride lead to the conclusion that the bonding nature of Cl in the tetrahedral 
chromyl chloride molecule is more covalent than in the salt U0 2 C1 2 , which is ionic. 
Chromyl chloride, therefore, may not react readily with silver salts. 

(1) H. L. Krauss, Angew. Chem. 70, 502 (1958). 

(2) G. S. Forbes and H. H. Anderson, J. Amer. Chem. Soc. 65, 2273 (1943). 

(51 O. Ruff and H. J. Braun, 47, 658 (1914). 

,4i H. V. Wartenbero, Z. Anorg. Chem. 247, 135 (1941). 

(5) K. H. Hellwege, Z. Phys. 117, 596 (1941). 

M S. J, Cristol and K. R. Eiler, /. Amer. Chem. Soc. 72, 4353 (1950). 

>7) K. Palmer, J. Amer. Chem. Soc. 60, 2360 (1938). 
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Silver borate has been used in this laboratory for the preparation of acetyl and 
benzyl borates and also for complexes such as metal amroino borates. In the present 
work reactions between chromyl chloride and silver borate have been carried out and 
a new chromyl metaborate has been isolated. 

Preparations of the samples 

Silver borate. This was prepared by mixing together saturated solutions of borax and 
silver nitrate quickly in one portion, filtering under suction and washing the white precipitate 
with 1 per cent boric acid solution. The precipitate was dried in a vacuum desiccator over 
calcium chloride in the dark. The composition conformed closely to AgBCh on analysis 

Chromyl borate. In the course of preliminary investigations, it was observed that 
prolonged bubbling of freshly prepared chromyl chloride vapour through a suspension of 
silver borate in carbon tetrachloride at ordinary temperature was not a satisfactory method 
for the preparation of chromyl borate. The reaction did not proceed to completion, as was 
indicated by the yield of silver chloride formed. When dry silver borate was added to 
liquid chromyl chloride much heat was evolved and a series of experiments was performed 
to determine the conditions for the completion of the reaction. For this purpose the brown 
solid reaction product, isolated after thoroughly washing with carbon tetrachloride, was 
decomposed by warming with dilute nitric acid (4 N), filtering and weighing the precipitate 
of silver chloride formed. Under the most suitable conditions the yield of silver chloride 
was almost quantitative. The results of two such runs are shown m Table 1. 


Table 1.—Yield or AgCl showing completion of reaction 


Amount of 

Chromyl chloride 


AgCl 

AgBC >2 taken 

added 

AgCl found 

calculated 

(g) 

(ml) 

(g) 

(g) 

1-992 

200 

1 883 

1 894 

1002 

12-5 

0-946 

0 953 


The final procedure adopted for the preparation of chromyl borate m a typical case is 
as follows: A known amount of silver borate (10 g) was added to excess of liquid chromyl 
chloride (50 ml) in a dark-coloured, stoppered bottle and shaken for 2 hr. The bottle was 
then wanned up to 60-70° m a bath and kept at that temperature for 1 hr with occasional 
shaking. The excess of unreacted liquid chromyl chloride was decanted off and the solid 
product washed thoroughly with carbon tetrachloride. The brown product was admixed 
with a large quantity of silver chloride. Attempts were made to extract the brown product 
by means of various organic solvents. Only acetone successfully extracted the brown 
product completely giving a dark brown solution, which on evaporation produced a brown 
crystalline product This was stored in a desiccator over calcium chloride (Yield about 
4-2 g). 

Analysis of the brown crystalline product isolated from acetone indicated the formation 
of chromyl dimetaborate CrttyBOj^. The substance was dissolved in water or in 4 N 
hydrochloric acid and from the solution chromium was determined lodometrically and 
boric acid by a method developed in this laboratory. (9) Results of two typical analysis arc 
summarized in Table 2. 


Table 2.—Composition of chromyl borate 


Amount of 
substance 

H 2 QO 4 found 

H 3 BO 3 found 

Molar ratio 

(g) 

(g) 

(g) 

HjB0 3 /H2Cr04 

0-7042 

0-4704 

0-4826 

1-95 

0-5350 

0-3624 

0-3946 

2-08 


#. H. Khundkar and S. Z. Haider, Z. Anorg. Allgem. Chem. 284, 312 (1956). 
| Z. Haider, Analyst. 79, 454 (1954)_— 
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Properties of chromyl borate 

This chromyl borate was found to be hygroscopic and to possess oxidizing 
properties such as liberating sulphur from hydrogen sulphide in solution. It is readily 
dissolved in water, forming a mixture of chromic and boric acids. It is also decomposed 
by alcohol but is insoluble in ether, petroleum ether, benzene and chloroform. It is 
highly soluble in acetone, from which it can be recrystallized. The density of sblid 
chromyl borate was found to be 1 -8 at 30° by the liquid displacement (CCU) method. 
The refractive index of an acetone solution containing 1-5 g of chromyl borate per 
100 ml was 1-3605. 

The thermal decomposition of the crystalline chromyl borate has been studied 
within a temperature range of 50-500° at intervals of 50°, the temperature variation 
at each stage being approximately ±5°. At each temperature the time of heating 
was about 4 hr in two steps: the weight was measured after an initial heating of 
3 hr and again after heating for another hour or so The two weights were almost 
the same. The maximum loss in weight was observed at a temperature of about 390°. 
The effect of heat is recorded in Table 3 and the variation of weights with temperature 
is shown in Fig. 1. 



Fra. 1.—Thermal decomposition of chromyl borate. 


Table 3.—Effect of heat on chromyl borate 


Temperature 

(°C) 

Loss in wt. 

(7.) 

50 

10 

100 

8 1 

150 

160 

200 

19-4 

250 

23-1 

300 

29-3 

350 

30 7 

400 

31-8 

450 

31-9 

500 

32-0 
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After ignition, the substance was coloured dark green and possibly contained 
CrjOj and B 2 O 3 in a chemically combined form since no boric acid could be leached 
out by hot water. Concentrated hydrochloric acid only partially dissolved the 
ignited mass giving a green coloured solution, indicating the presence of trivalent 
chromium. Complete dissolution was brought about by means of alkali fusion. The 
reduction of hexavalent chromium to the trivalent state during the thermal treatment 
is not very well understood. The analysis of the ignited residue indicated lower values 
of chromium and boron contents than were present in the original chromium borate, 
and conformed to no definite composition. The curve in Fig. 1 shows that, as the 
temperature is gradually increased, two different processes occur. In order to account 
for the lowering of chromium and boron contents in the ignited product and the 
reduction of hexavalent chromium to the trivalent state, it may be assumed that the 
substance volatilizes as such with slight decomposition at the start of the ignition 
process but the decomposition becomes rapid after the temperature of about 250° 
has been reached. The decomposition terminates at about 390° and this might have 
taken place with the evolution of oxygen and consequent formation of trivalent 
chromium. However, chromium and boron remain chemically combined and the 
probable formation of a polymer may not be altogether ruled out Modern techniques 
such as X-ray diffraction may be applied to arrive at some definite conclusion 
regarding these changes. 

The ultra-violet absorption spectrum of chromyl borate in acetone solution 
(0-01 g in 100 ml) was also studied with the help of a Unicam Sp 500 photoelectric 
spectrophotometer. The absorption curve is shown in Fig. 2. The maximum absorp¬ 
tions take place around wavelengths of 335, 350 and 360 mp. 
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Abstract— Methods of preparation, melting point, solubility, molecular weight and infra-red 
spectra of aluminium ethoxide have been studied. Contrary to previous reports pure 
aluminium ethoxide was found to exist in only one form which melts at about 140° C and 
is only slightly soluble in non-polar organic solvents at room temperature. Impure forms, 
which result from the partial decomposition or hydrolysis of aluminium ethoxide, are very 
complex in nature and are much more soluble than is pure aluminium ethoxide. Properties 
of these materials depend to some extent on the method of preparation. Some assignments 
of vibrational frequencies have been made for aluminium ethoxide. 

The physical and chemical properties of aluminium alkoxides have been under 
investigation for over eighty years and a considerable volume of information is now 
available. However, poor quantitative agreement is often found among the physical 
properties reported by various authors and there is still much which is not understood 
about the molecular structure of the aluminium alkoxides in the solid state and in 
solution. Except for aluminium methoxide, which does not seem to be similar in 
properties to the other alkoxides, aluminium ethoxide is the simplest member of this 
series, Any progress made in the understanding of the properties of aluminium 
ethoxide should be helpful in the study of the higher alkoxides. The aluminium 
alkoxides have a strong affinity for water and must be prepared and stored under 
rigorously anhydrous conditions if they are to be kept pure. It seems likely that 
failure to maintain these conditions accounts for many of the discrepancies found in 
the literature. 

Aluminium ethoxide was first prepared by Gladstone* 1 ) by the reaction of 
aluminium with absolute ethanol catalysed by iodine. Further studies on the properties 
of aluminium alkoxides were made by Gladstone and Tribe* 2 3 ’ who reported that 
aluminium ethoxide melts at 130° C, is easily distilled under reduced pressure, is 
insoluble in ethanol but moderately soluble in benzene, and that it has a density of 
H47 g ml -1 . Improved methods of preparation were later devised by Wislicenus 
and Kaufman, *3) Hillyer and Crooker,* 4 ’ Berger, < 5 > and Henle.* 6 ’ Over the years 

’Taken from portions of the following M.S. thesis. Fu-tien Kuo, March (1959), 
Suei-ron Huang, August (1959), and A. Viquesnel, August (1961), all of New Mexico 
Highlands University, and J. R. Burton, Texas Technological College, August (1957). 

(1) J. H. Gladstone, J. Chem. Soc. 29, 158 (1876) 

(2) J. H. Gladstone and A. Tribe, /. Chem. Soc. 39, 1 (1881). 

(3) H. Wislicenus and L. Kaufman, Ber. Dtsch. Chem. Ges. 28, 1323 (1895). 

,4) H W. Hillyer and O. E. Crooker, J . Amer. Chem. Soc. 19, 37 (1897). 

(5) C. Berger, C.R. Acad. Sci., Paris 157, 717 (1914). 

(6) F. Henle, Ber. Dtsch. Chem. Ges. 53, 719 (1920). 
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melting point determinations have ranged from 123 to 151°< 7 -n>. Numerous boiling 
point measurements have been reported although comparison among different 
investigators is difficult because different pressures were used in the measurements. 
Vapour-pressure-temperature curves have been determined by Mehrotra 1121 using 
a distillation method and by Wilhoit 1131 using an isoteniscope method. Agreement 
between these two sets of data is within experimental error of the pressure measure¬ 
ments in the range of 140-190° C but becomes worse above 190° C. Aluminium 
ethoxide has been found to be associated when dissolved in non-polar organic 
solvents. The degree of association is 4-41* in freezing benzene , 191 3-8* in freezing 
naphthalene* 10 * and 4-1* in boiling benzene . 1121 The concentrations used by Ulich 
and Nespital range from 1 -88 to 7-62 g of aluminium ethoxide per 100 g of benzene 
while the concentrations used by Mehrotra range from 0-14 to 1-0 g per 100 g of 
benzene. No appreciable dependence of degree of association on molecular weight 
was found. Robinson and Peak 1101 give the parachor of aluminium ethoxide as 
340-8 and Ulich and Nespital 191 report a value of 1 -35 e.s.u. as the dipole moment 
of aluminium ethoxide in benzene. Studies of compounds of the type Al x O y (OEt), 
which are formed by the partial decomposition or hydrolysis of aluminium ethoxide 
have been carried out by Henle, 161 Adkins, 181 Malatesta and Magnani, 1111 and 
Child and Adkins. 1141 Compounds of the type Al(OEt),Rj, where R is an alkyl 
radical or halide atom were studied by Ullich and Nespital, 191 and Bonitz 1151 
Meerwhn and Bersin 1161 have prepared several compounds of the class 
M[Al(OEt) 4 ] x and M_ c [Al(OEt) fi ] > , where M is a Group 1 or II metal Child and 
Adkins 1171 studied the catalytic activities of compounds such as MCl x -nAl(OEt)j 
Whitaker 1181 has recently written a review of certain aspects of aluminium alkoxide 
chemistry, especially the possible industrial applications. 

The possibility that aluminium ethoxide exists in two or more modifications in 
the solid state has been considered by several investigators, but the preparation and 
properties of these forms, as well as the reasons advanced for the existence of the 
modifications, differs. Child and Adkins 1141 explain the differences in terms of two 
“allotropic” crystalline modifications. The a-form solidifies from the liquid at a little 
above room temperature and is soluble in xylene, while the /I-form melts at 140° C 
and is insoluble in xylene. Distillation of the a-form partly converts it into the 
/1-form while heating of the /3-form in a sealed tube at 275° C for 15 hr completely - 
converts it into the a-form. It seems difficult to reconcile these statements with the 

* The “degree of association” will be taken to mean the value of n in the formula 
[Al(OEt) 3 ]«. 

171 W. Tischtschenko, J. Soc. Physl-Chim. Russ. 31, 694 (1899). 

<«> H. Adkins, J. Amer. Chem. Soc. 44, 2175 (1922). 

191 H. Ulich and W. Nespital, Z. Phys. Chem. A 165, 294 (1933). 

1101 R. A. Robertson and D. A. Peak, J. Phys. Chem. 39, 1125 (1935). 

1111 L. Malatesta and E. Magnani, Gazz. Chim. ltal 80, 113 (1950). 

1121 R. C. Mehrotra, J. Indian Chem. Soc. 30, 585 (1953). 

1131 R. C. WiLHorr, J. Phys. Chem. 61, 114 (1957). 

1181 W. C. Child and H. Adkins, J. Amer. Chem. Soc. 45, 3013 (1923). 

1181 E. Bonitz, Ber. Dtsch. Chem. Ges. 88 , 742 (1955). 

1141 H. Meerwein and T. Bersin, Ann. 476,113 (1929). 

1171 W. Q, Child and H. Adkins, J. Amer. Chem. Soc. 47, 798 (1925). 

(») G. C. 'Whitaker, Metal-Organic Compounds, p. 184-189. American Chemical Society 
(1959). 
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interpretation that the two forms are polymorphic crystalline modifications. 
Meerwin< w > mentions soluble and insoluble forms and states that the difference is 
due to the presence or absence of solvated alcohol in the solid crystals. Malatesta 
and Magnani (11) also discuss preparation and properties of soluble and insoluble 
forms of aluminium ethoxide. They believe that the two forms differ in type of 
co-ordination existing between the ethoxide group and thq aluminium atom. The 
insoluble form, which is prepared by the reaction of aluminium with an excess 6f 
pure ethanol, is some sort of polymer of Al(OEt) 3 and may be more accurately 
represented by the formula [Al(OEt) 4 ] 3 Al. The soluble form exists as Al(OEt) 3 
monomer and is prepared by the reaction of aluminium with ethanol in the presence 
of boding xylene as a solvent. The alcohol is added slowly so that its concentration is 
always kept low. The soluble form melts at 123° and the insoluble form at 136°. 
Once prepared the soluble and insoluble forms cannot be interconverted. 


EXPERIMENTAL 

For convenience in discussion the following three general methods of preparation wdl 
be identified 

Method of Wislicenus. Aluminium foil or shavings are placed in an excess of absolute 
ethanol and a small quantity of mercuric chloride added. The mixture is refluxed, under 
anhydrous conditions, until all the aluminium has dissolved This requires from 1 to 3 hr. 
Alcohol is removed first by distillation at atmospheric pressure, and finally by distillation 
under reduced pressure. The residue is distilled at pressures of 1-4 mm of mercury and at 
temperatures in the range of 145-180° C 

Method of Meerwein. Aluminium foil or shavings are placed in a large quantity of 
xylene which acts as an inert solvent, and small quantities of mercuric chloride and iodine 
added Absolute ethanol is slowly added to the refluxing xylene solution in such a manner 
that it reacts as fast as it is added Any remaining insoluble material is removed by filtration 
and the aluminium ethoxide recovered from solution by evaporation of the solvent. 

Method of Maletesta and Magnaw Twenty-five grammes of aluminium foil are placed 
in 100 ml of xylene. The aluminium is either amalgamated in advance or a small quantity 
of mercuric chloride is added. This procedure uses less xylene than does the method of 
Meerwem One hundred and thirty-five grammes of absolute ethanol are added while the 
mixture is refluxing. The aluminium should be completely dissolved at the end of one half 
hour. The solution is filtered while hot and the aluminium ethoxide recovered by crystalliza¬ 
tion on cooling. The product is recrystallized from a mixture of xylene and ligrom. 

We have prepared a large number of samples of aluminium ethoxide by these three 
methods as well as by numerous variations of them Those samples which we believe to be 
the most nearly pure were prepared under rigorously anhydrous conditions. Either the 
final recovery of product or the complete preparation was carried out in a dry-box Absolute 
ethanol was generally prepared by distillation from an ethanol solution of aluminium 
ethoxide. Distillation of aluminium ethoxide was done at as low a temperature as possible 
to reduce the possibility of thermal decomposition. In a few cases the product was purified 
by sublunation at around 120° C. 

Quantitative analysis was carried out by dissolving a weighed quantity of aluminium 
ethoxide in hydrochloric acid solution. The aluminium was precipitated with 8 -hydroxyquino- 
hne and weighed as the chelate The amount of ethanol produced from the ethoxide was 
determined by oxidizing an aliquot of the hydrochloric acid solution with standard dichromate 
under controlled conditions, and back-titrating with thiosulphate. 

Melting points were obtained by two methods. In the capillary tube method 1-2 mg 
of sample were sealed in a melting-point tube which was totally immersed in an ofj^HUth 
fitted with electrical heaters and with a circulating pump which permitted close tempe'rtfiip|'5». 

(19) H. Meerwein, Ger. Pat. 475557 (1925); Chem. Abstr. 23, 3718 (1929). ^ 
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control. The melting temperatures were determined by means of a mercury thermometer 
graduated in 01° intervals. This thermometer had been compared to one calibrated by the 
National Bureau of Standards Stem corrections were applied to the readings. Melting 
ranges of 1-3° C were generally observed by this method. The cooling curve method was 
accomplished by melting a 10 g sample in a glass tube and allowing it to cool through the 
melting range in about one half hour. Temperature-time curves were obtained with a small 
iron-constantan thermocouple and an automatic recorder. If left undisturbed during the 
cooling the shape of the curve indicates considerable supercooling before crystallization 
begins. The supercooling can be prevented by addmg a small seed crystal of aluminium 
ethoxide at the appropriate time. Melting points obtained m this way cover a 1-2° C range 

Some preliminary measurements have been made on the vapour-pressure depression 
observed in solutions of aluminium ethoxide in benzene Two similar Washbum-Cottrell 
boiling point apparatuses* 20 ’ were connected to a regulated pressure system and manometer 
Pure benzene was placed in one apparatus and the solution m the other. The difference in 
pressure needed to cause the two solutions to boil and the same temperature was then 
determined. Temperature equality was established through the use of a ten junction copper- 
constantan thermopile and potentiometer. Sensitivity was 0 001° C. A system for with¬ 
drawing samples of the boiling solution for analysis was also included. Tests with known 
compounds showed that molecular weights calculated from the pressure difference, assuming 
Raoult's law, were accurate to 1 or 2 per cent in range of concentrations used. 

Infra-red spectra were observed with a Beckman lnfra-red-4 spectrophotometer using 
sodium chloride optics for the 1-14 /i region and potassium bromide optics for the 10-25 \i 
region. In most cases several different instrument settings were used to bring out all of the 
features of the spectra. Preparation of the purer samples for observation was generally done 
in the dry-box. Solid samples were examined in the form of KBr pellets, Nujol mulls, and 
as a slurry of finely powdered material suspended in xylene. The pellets were prepared by 
compressing a powdered mixture of sample and infra-red grade potassium bromide in a 
pellet press in the usual manner. Nujol mulls were prepared by grinding a mixture of solid 
sample and Nujol in an agate mortor to form a thick paste. The paste was placed between 
two sodium chloride (or potassium bromide) windows for examination. A sodium chloride 
(or potassium bromide) window equal to the combined thickness of the two windows was 
placed in the reference beam. Since the thickness of the sample was not accurately con¬ 
trolled no attempt was made to compensate for the absorption of the Nujol by placing 
Nujol in the reference beam. Examinations of the slurry and also of solutions of aluminium 
ethoxide in benzene and xylene were made by placing them in a standard liquid cell, with 
a similar cell containing the solvent in the reference beam The spectra observed for the 
Nujol mulls includes the effect of both the oil and the sample. These spectra were interpreted 
with the aid of Table 1, which lists the absorptions observed for the Nujol alone. 


Table 1.—Absorption spectra of nujol 


Observed 

frequency 

(cm -1 ) 

Intensity* 

Observed 
frequency 
(cm - 1) 

Intensity 

2930 

s 

1080 

w 

1700 

w 

1000 

w 

1630 

w 

940 

w 

1470 

s 

885 

w 

1390 

s 

827 

w 

1300 

w ■ 

760 

w 

1220 

'■> w 

736 

w 

1178 

w 

614 

w 

1123 

• n 

569 

w 


« - " I'M" 

* s = strong, w — weak. 

< 20 ’ E. W. Washburn and J. W. Read, J. itmer. Chem. Soc. 41, 729 (1919). 
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RESULTS 

Pure aluminium ethoxide consists of 16-64 per cent aluminium and 83*36 per 
cent ethoxide. Samples whose composition deviate from this contain impurities of 
the type Al^O/OEt), or Al,.(OH) y (OEt) z which result from partial hydrolysis or 
decomposition during the preparation. However quantitative analysis is not always 
a very sensitive or reliable indication of purity. Thus, for example, Al 3 (OH)(OEt) ? 
contains 17-66 per cent A1 and Al 3 0(0Et)7 contains 19-63 per cent Al. Appreciable 
quantities of either of these compounds could be present with Al(OEt) 3 without 
having much effect on the proportion of aluminium present. Furthermore, the effect 
of absorption of moisture from the air by an ethoxide sample without loss of the 
alcohol produced by the hydrolysis would be to lower the proportion of aluminium 
present. Therefore, a sample could analyse very close to the theoretical proportion 
of aluminium even though it had undergone an appreciable hydrolysis. Analysis 
of samples of aluminium ethoxide which we have prepared range from 16-5 to 29-8 
per cent aluminium and from less than 70 to 83-5 per cent ethoxide. 

The melting points of five samples of aluminium ethoxide prepared by the 
method of Wislicenus were determined by the cooling curve method. Although these 
samples were prepared carefully their purity is somewhat uncertain because of some 
exposure to the atmosphere during the experiment. Melting points of these samples 
range from 120 to 130° C. Melting points of thirty samples, prepared by the three 
methods described and by variations of them, have been taken by the capillary tube 
method. There seems to be no correlation between melting point and method of 
preparation, but there is a rough correlation between melting point and per cent 
aluminium. These results are summarized in Table 2 

Table 2 —Meltino points of aluminium ethoxide 

SAMPLES OF VARYINO PURITY 


Al (%) 

Range of melting points 

(“ C) 

16-7-16-8 

137-143 

16-9-17 0 

146-151 

17-2-17-3 

150-153 

17-7-17-9 

158-161 

> 19-0 

infusible 


No correlation could be detected between method of preparation and solubility. 
Solubilities of samples judged most likely to be pure ranged between 8 and 12 g per 
100 ml in ethanol and 0-4 and 1-5 g per 100 ml in xylene at room temperature. We 
observed that the solubility in xylene increased rapidly with an increase in temperature, 
although no quantitative measurements were made at higher temperatures. There 
was a marked correlation of solubility with per cent aluminium. Those samples 
having a high proportion of aluminium were much more soluble than samples having 
an aluminium content corresponding to pure aluminium ethoxide. The conclusion 
that the solubility of aluminium ethoxide samples increases as the degree of hydrolysis 
increases is supported by the results of the following experiment which is typical of 
several that we have done. Aluminium ethoxide, sample number 1, was stirred with 
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100 ml of dry benzene in a dosed flask for several hours. The solution was separated 
from the solid residue and the solvent removed by evaporation leaving solid sample 
number 2. The insoluble residue was extracted again in a similar manner with 100 
ml of benzene producing a soluble portion, sample number 3, and an insoluble 
residue. This insoluble portion was extracted a third time producing the soluble 
portion, sample number 4, and the final insoluble material, sample number 5 
Properties of these samples are summarized in Table 3. It can be seen that the 
melting points of samples 2 and 4 are less than samples of the same composition 
shown in Table 2, while the melting point of sample 5 is similar to that previously 
found. Some samples prepared by the evaporation of benzene or xylene solutions of 
aluminium ethoxide have been found to be amorphous with no definite melting point 
at all. This indicates that samples of partially hydrolysed aluminium ethoxide may 
differ in properties when prepared by different methods even though the stoicheio- 
metnc composition remains the same. 


Table 3.—Extraction of aluminium ethoxide with benzene 


Sample 

number 

Weight (g) 

Al(%) 

OEt (%) 

m.p. ( D C) 

1 

10-0 

ra 

80-7 


2 

2 28 

KB 

78-0 

105-108 

3 

0-59 

MBEm 

78-6 


4 

0-20 

17 96 

80-6 

112-114 

5 

6-97 

16 89 

82-9 

146-149 


Our measurements on the solubility of pure aluminium ethoxide in non-polar 
solvents throw some doubt on the validity of previous molecular weight determina¬ 
tions of aluminium ethoxide. The concentrations used by Ulich and Nespital< 9 > in 
their molecular weight measurements are much greater than we have found for the 
solubility of pure aluminium ethoxide in benzene. Since it is probable that their 
solutions were prepared at room temperature, their samples must have been impure 
Mehrotra< I2 > used a lower range of concentrations, but the higher concentrations 
still exceed the solubility of aluminium ethoxide at room temperature. Table 4 shows 
the degree of association calculated from our preliminary measurements on the 
vapour-pressure depression of benzene solutions of aluminium ethoxide. These data 
all apply to a temperature of 78°. Using a similar method it was also found that the 
degree of association of aluminium n-propoxide varied from 1 0 at a concentration 
of 0-11 g/100 g of benzene to 2-8 at 1-65 g/100 g of benzene, while the association 
of aluminium sec-butoxide remained constant at 24 in the concentration range of 
4-65-23-8 g/100 g benzene. The data shown in Table 4 were obtained by withdrawing 
samples of the boiling solutions, analysing for aluminium, and basing the calculations 
on the assumption that aluminium ethoxide consists of 16-64 per cent aluminium 
If the aluminium ethoxide had not been completely pure this assumption would 
introduce some error into the calculations of molecular weight, but, since all measure¬ 
ments were made on the same sample the conclusion that the degree of association 
increases with increasing concentration would not be altered. The fact that the 
solubility of the aluminium ethoxide sample used in these measurements was low 
enough so that the final solution could be prepared only by heating the benzene to 
boiling indicates at least a fair degree okpurity. 
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Table 4.— Degree of association of Al(OEt)j in boiling benzene 


g (Al(OEt) 3 per 100 g 

Average degree of 

of benzene 

association 

0-42 

2-6 

0-78 

2-9 

114 

3-1 

7-85 

4-4 


Because of the time dependence previously found in the properties of aluminium 
iso-propoxide <13) we have also searched for a time dependence in the properties of 
aluminium ethoxide. No time dependence was found in the vapour-pressure of 
aluminium ethoxide at temperatures of 157° or higher. However, any delay in the 
attainment of equilibrium should be more pronounced at lower temperatures and 
therefore more readily observed We found that 2-4 hr of boiling were required to 
attain a steady temperature for the aluminium ethoxide solutions, while ^-1 hr was 
sufficient, in the same apparatus, for solutes such as naphthalene, benzil and 
azobenzene. It therefore seems probable that some appreciable time is needed for 
aluminium ethoxide to reach a constant degree of association in solution. If the 
calculations had been based on data taken after only ^ hr of boiling the degree of 
association would have been about 4 0 for all concentrations. It is not certain whether 
the data in Table 4 represent states of final equilibrium or not, and therefore any 
attempt to calculate an equilibrium constant is not justified at this time. 

Guertin et aI < 21) and Bell et al 1221 have reported the infra-red spectra of several 
of the aluminium alkoxides other than the ethoxide. Scott et al. (23) and Ludke 
et n/. <24) have studied spectra of some aluminium soaps which may contain bonds 
similar to those present in the aluminium alkoxides. The pertinent conclusions 
reached by these investigators may be summarized as follows. 

(1) Absorption bands typical of compounds containing ethoxide groups occur 
at 1160 cm -1 and 1090 cm -1 

I 

(2) Vibrations arising from the A1-0-+A1 co-ordinate bond occur in the vicinity 
of 990 cm' 1 . This absorption peak is found in aluminium oxide, aluminium 
soaps and in some aluminium alkoxides. 

(3) Vibrations in the Al-O-C bonds give rise to absorptions at 1033 cm -1 in 
aluminium isopropoxide, at 1058 cm -1 in aluminium secbutoxide and at 
1070 cm -1 in aluminium 2-pentoxide. 

(4) An absorption peak which occurs at 3700 cm -1 m aluminium soaps has been 
assigned to an O-H stretching frequenty present in polymeric structures 
such as 

H H H 

I 1 I 

-* Al—O -» Al—O -+ A1—0 -> Al— 

(2I) D. G. Guertin, S. E. Wiberley, W. H, Bauer and J. Goldenson, J. Phys. Chem. 60, 

1018 (1956). 

<a) J. V. Bell, J. Heisler, H. Tannenbaum and J. Goldenson, Analyt. Chem. 25,1720 (1953). 
(23) F. A Scott, J Goldenson, S. E Wiberley and W. H. Bauer, J. Phys. Chem. 58, 61 

(1954). 

1241 W, O. Ludke, S. E. Wiberley, J. Goldenson and W. H. Bauer, J. Phys. Chem. 59, 222 

(1955). 
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We have observed the infra-red spectra of a large number of samples of aluminium 
ethoxide in the range from 1-14 n and of a few samples in the range 10-25 fi. These 
samples have been prepared by the methods previously described and include samples 
of varying aluminium content. In addition we have observed the spectra of aluminium 
iso-propoxide, alumimum n-butoxide, aluminium n-propoxide and several examples 
of the alkoxo-salts [Al(OEt)J C M,, where M is calcium or magnesium. Table 5 lists 
the absorption peaks of the purest samples of aluminium ethoxide obtained from the 
examination of the Nujol mulls. Assignments are based either upon well known 
absorptions or by comparison with assignments previously made on similar 
materials, f 21 ' 24 * 


Table 5 — Absorption spectra of “pure” aluminium ethoxide, 1-25 fi 


Observed frequency 
(cm -1 ) 

Intensity 

Assignment 

6250 

w 


4250 

m 

H 

3340 

w 

O — H stretching vibration m (- A1 -O - A1 - ) 

2740-1520 

w 

polymer chains 

(21 equally spaced bands) 
1460 

s 

CH 2 deformation 

1382 

s 

—CHj deformation 

1350 

w 

-OH bending 

1178 

m 

ethoxide skelatal vibration 

1105 

m 

ethoxide skelatal vibration 

1059 

s 

A1 — O - C stretching vibration 

935 

w 

A1 —0-> A1 stretching vibration 

896 

s 


707 

s 


650 

s 


515 

s 


465 

w 



s = strong, m = intermediate, w = weak 


Table 5 lists only those absorption peaks which can definitely be ascribed to 
aluminium ethoxide. Other weak bands may also be present which are masked by 
the absorption of the Nujol. If the assignments made for the 3340 and 1350 cm -1 
bands are correct, they must be the result of a small amount of hydrolysis. Most of 
the bands in Table 5 were confirmed by the examination of the slumes suspended in 
xylene but the spectra obtained from the KBr pellet technique showed significant 
variation from the data of Table 5. Because of the possibility of exchange of 
bromide and ethoxide ions and of the increased possibility of hydrolysis of 
samples it is felt that the spectra of the KBr pellets is not typical of pure alumimum 
ethoxide 

The spectra of partially hydrolysed samples of aluminium ethoxide depends 
primarily upon the proportion of aluminium present. As the degree of hydrolysis 
increases the following changes have Jheen found to take place. 
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(1) The intensity of all absorption bands except those at 3340 and 935 cm -1 
decreases. 

(2) The 3340 cm - i peak becomes sharper, more intense, and shifts to slightly 
higher frequencies. 

(3) The 935 cm -1 peak becomes broader and shifts to slightly lower frequencies. 
We have confirmed the absorption observed by Guertjn et a/J 21 > at 1033 cm* 1 

in aluminium iso-propoxide and have also observed corresponding peaks in the 
n-propoxide and the n-butoxide. All of the presently available data on the Al-O-C 
vibration are given in Table 6 in order of increasing frequencies. 


Table 6.—Absorption frequencies for the 

Al—O —C VIBRATION IN ALUMINIUM ALKOXIDES 


Alkoxide group 

Frequency (cm -1 ) 

n-propoxide 

1015 

iso-propoxide 

1033 

n-butoxide 

1048 

sec-butoxide 

1058 

ethoxide 

1059 

2-pentoxide 

1070 


There seems to be no obvious correlation of the order of alkoxides in this list 

I 

with any simple property of the alkoxy groups Table 7 lists the Al- 0~* Al frequencies 
for several aluminium alkoxides and soaps as compiled from the data of Bell et aU n) 
and Scott et a/.<23) and our observations. 

Table 7.—Absorption frequencies for the Al— d-*Al 
VIBRATION IN ALUMINIUM ALKOXIDES AND SOAPS 


Alkoxide group Frequency (cm - *) 


n-propoxide 

898 

Ethoxide 

935 

iso-propoxide 

950 

Alsoaps 

983 

n-butoxide 

995 


Table 8 shows our results on the infra-red spectra of several of the alkoxo-salts. 
It seems likely that the 1080 cm -1 band in these compounds originates in the AI-O-C 
vibration and the 918 cm -1 band in the [Al(OEt) 4]2 M compounds and the 918 cm -1 

in [Al(OEt) 6 ] 2 Mg 3 originates in the Al-O -*• Al vibration. 

Observations on the infra-red spectra of solutions of aluminium ethoxide were 
much less satisfactory than were those made on the solid samples. Since our purest 
samples were not sufficiently soluble in benzene or xylene at room temperature to 
permit observation of the spectra the results are confined to those samples showing 
a greater degree of hydrolysis. An additional difficulty was introduced by the forma¬ 
tion of a thin film on the salt windows of the liquid cells after two or three fillings with 
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the ethoxide solutions. This film contributed a spectra of its own and it was necessary 
to dismantle the cells and clean and polish the windows frequently. Many minor 
variations were found in the spectra of different samples. There were some systematic 
differences between samples prepared by the method of Wislicenus and those 
prepared by the method of Meerwein ; and also between solutions in benzene and 

Table 8.—Absorption spectra of the aluminium alkoxo-salts 


Intensity of bands 

Observed frequency 
(cm -1 ) 

[Al(OEt) 4 ] 2 M 
(M = Ca or Mg) 

[Al(OEt) 6 ] 2 Mg 3 

6250 

w 

w 

4250 

m 

m 

1470 

m 

m 

1400 

m 

m 

1120 

s 

absent 

1080 

s 

w 

926 

absent 

s 

918 

s 

absent 

730 

absent 

s 


solutions in xylene. Table 9 lists those absorptions which were common to all solu¬ 
tions. Additional absorption peaks were observed in particular samples. Table 9 
also indicates the qualitative effect of concentration on the intensity of the bands 

Table 9.—Absorption spectra of solutions of partially 

HYDROLYSED ALUMINIUM ETHOXIDE IN BENZENE AND XYLENE 


Observed 

frequency 

(cm -1 ) 

Intensity 

Effect of 
concentration 

Observed 
frequency 
(cm - 1) 

Intensity 

Effect of 
concentration 

3570 

w 

_ 


s 

O 

2900 

m 

O 


& 

O 

2750 

w 

O 

915 

s 

O 

1390 

s 

o 

810 

m 

- 

1370 

w 

o 

775 

m 

— 

1320 

w 

— 




1190 

s 

+ 





As the concentration of the solute is decreased all of the bands decrease in intensity 
but they decrease at different rates. The bands could be grouped into three classes 
Within each class the changes in absorbancies are proportional. Those marked — 
changed the least, those marked o changed more rapidly and the one marked -+ 
changed at the greatest rate. This suggest that the solute molecules exist in two or 
more polymeric forms with at least partial equilibrium among the different species. 
If this is the case, then the absorption bands marked — probably originate in the 
monomeric forms, those marked o probably originate in all of the forms, and the 
one marked + probably originates in the polymeric forms. It is difficult to make an 
unequivocal correlation between the data of Table 5 and the data of and the data 
of Table 9. — 
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DISCUSSION 

It is not easy to account for all of our data on any consistent picture of molecular 
structure of aluminium ethoxide and its hydrolysed or decomposition products. 
Nor is it possible to explain certain discrepancies among our findings and those of 
previous investigators. However, some conclusions do emerge from our studies. 

(1) Preparation of highly pure samples of aluminium ethoxide is difficult. Maqy 
of the discrepancies in physical properties found in the literature are probably due to 
the use of impure materials. 

(2) Pure aluminium ethoxide exists in only one form, irrespective of the method 
of preparation, which is only slightly soluble in non-polar organic solvents at room 
temperature. Soluble forms of aluminium ethoxide previously reported probably 
consist of materials containing products of hydrolysis or decomposition of alu minium 
ethoxide. A consistent interpretation of the data of Child and Adkins (14 > can be 
made on the assumption that the /3-form is relatively pure aluminium ethoxide and 
the a-form is the soluble impure form of aluminium ethoxide. 

(3) Materials resulting from the partial hydrolysis of aluminium ethoxide are 
very complex in character and probably consist of mixtures of many molecular species, 
supposing that definite molecules can be identified in such materials at all. Properties 
of samples having the same stoicheiometric composition may vary widely when 
prepared by different procedures. 

(4) Solutions of partially hydrolysed or decomposed samples of aluminium 
ethoxide are also very complex in character. Equilibrium, if attained at all, is reached 
slowly in these solutions 

Acknowledgement —Financial assistance was received for part of this work from the National 
Science Foundation under grant no. NSF-G7304 
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ALKOXIDES OF URANIUM (IV) 
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Abstract—Lower alcohols form addition compounds with uranium tetrachloride, and 
uranium tetraalkoxides are prepared by the action of alkali metal alkoxides on uranium 
tetrachloride. The preparation of dichlorobis(diethylmethylsilyloxy)uranium(IV) is reported. 
The uranium tetra-alkoxides, which are oxidized extremely readily, have physicochemical 
properties which are typical of polymeric metal alkoxides. 

Anhydrous uranium tetrachloride reacts vigorously with methyl, ethyl, and isopropyl 
alcohols to give alcoholates of formula UC 14 . 4 ROH. These compounds are non¬ 
volatile green solids which are oxidized readily in air They may be recrystallized 
from the parent alcohols, but they are insoluble in benzene and other non-polar 
organic solvents. Similar addition compounds of thorium tetrachloride have been 
reported previously* 1 > and in these and other 1.4 addition compounds of uranium (IV) 
and thorium (IV) which are listed by Comyns< 2) it is likely that the metals exhibit the 
co-ordination number eight The butyl alcohols also react with uranium tetrachloride 
but replacement of chloride increases in the order Bp" < Bu J < Bu'. This type of 
solvolysis occurs also with titanium and zirconium tetrachlorides, and the possible 
mechanism has been discussed by Bradley et al (1) 

The reaction of sodium ethoxide and sodium l-propoxide with uranium tetra¬ 
chloride was investigated by Albers et al . (3 > and the preparation of uranium tetra- 
methoxide, tetraethoxide, and tetra-t-butoxide has been reported by Gilman and 
his co-workers.* 4) The preparation of uranium tetra-n-propoxide and tetra-i-propoxide 
from uranium tetrachloride and sodium alkoxides m dimethylcellosolve is now 
described, and the preparation of uranium methoxide and uranium ethoxide has been 
repeated using reactions involving uranium tetrachloride and the appropriate lithium 
alkoxide. All attempts to prepare uranium tetra-t-butoxide were unsuccessful. 
Gilman and his co-workers< 4) reported that the compound was soluble in petroleum 

* Present address ■ Department of Chemistry, University of Western Ontario, London, 
Ontario, Canada. 

t Present address. Department of Chemistry, Gorakhpur University, Uttar Pradesh, 
India 

(u D C. Bradley, M. A. Saad and W. Wardlaw, J. Chem. Soc 2002 (1959). 

(2) A. E. Comyns, Chem. Revs. 60, 115 (1960). 

l1! H. Albers, M. Deutsch, W. Krastinat and H. von Osten, Ber. Dtsch. Chem. Ges. 85, 
267 (1952). 

141 R. G. Jones, C. Karmas, G. A. Martin and H. Gilman, J. Amer Chem. Soc. 78, 4285 
(1956). 


863 



864 


D. C. Bradley, R. N. Kapoor and B. C. Smith 


ether and comparatively stable to oxidation, but sublimation or oxidation in solu¬ 
tion® gave a red crystalline product to which the formula U0 2 (0Bu')2, 4Bu'OH 
was assigned. 

Alkoxides of uramum(IV) are oxidized very readily, and the action of ammonia 
on uranium tetrachloride-alcohol addition compounds gave derivatives of 
uranium(V). During attempted preparations of uranium tetra-t-butoxide in the 
absence of air, oxidation always occurred. A grey-brown quinquevalent solid was 
formed from which a brown sublimate of uranium penta-t-butoxide could be 
obtained. Oxidation and evaporation of a petroleum ether solution of the original 
quinquevalent compound gave red crystals of uranium hexa-t-butoxide whose infra¬ 
red spectrum showed no peaks corresponding to hydroxyl groups. It seems likely 
that the red compound reported by Gilman® was uranium hexa-t-butoxide, which 
has also been prepared 1 ' 6 * by disproportionation of UO(OBu') 4 , Bu'OH during the 
attempted preparation of uranyl-t-butoxide, U02(0Bu') 2 . The ease of oxidation of 
uranium(IV) alkoxides compared with the relative stabilty of hydrated U 4+ ions is 
worthy of comment In view of the precautions taken to exclude oxygen we are 
tempted to suggest that uranium(IV) alkoxides actually reduce alcohols with libera¬ 
tion of hydrogen by analogy with the reaction between an alkali metal and alcohol 
It is significant that uranium(IV) alkoxides obtained in this research were all insoluble 
compounds and it may well be that insolubility lowers the reactivity of these com¬ 
pounds. Uranium is not alone in showing this behaviour since vanadium(III) 
alkoxides® and cerium(III) alkoxides® are also extremely readily oxidized to 
quadrivalent compounds under comparable conditions, and mobium(IV) alkoxides 19 * 
are similarly oxidized to quinquevalent niobium alkoxides. 

Attempts to prepare uranium tetrakistrialkylsilyloxides were unsuccessful 
Reaction of uranium tetrachloride with the lithium salt of diethylmethylsilanol gave 
UCl 2 (OSiEt 2 Me) 2 , a distillable green solid which oxidized on exposure to air. 

Uranium tetra-alkoxides are less volatile than corresponding titanium or 
zirconium alkoxides but more volatile than cerium and thorium alkoxides (see 
Table 1). Uranium tetramethoxide did not sublime even on heating to 300 C/ca 
10~ 4 mm and uranium tetraethoxide was regarded previously as non-volatile < 10) 
Volatility in metal alkoxides is determined largely by the radius of the metal atom and 
the size and shape of the alkyl groups and from the atomic radii of these element-, 
(see Table) it would be expected that uranium(IV) alkoxides would be very similar 
in volatility to zirconium alkoxides and more volatile than cerium(IV) or thorium 
alkoxides. However, it has been pointed out previously* 111 that the relative 
volatilities of cerium(IV) and thorium tertiary alkoxides are less consistent with 
atomic radii than with the radii of tetrapositive ions in octahedral co-ordination 

<*> R. G. Jones, E. Bindschadler, G. A. Martin, J, R. Thirtle and H. Gilman, J. Amer 
Chem. Soc. 79, 4921 (1957). 

<«> D. C. Bradley, A. K. Chatterjee and A. K. Chatterjee, Proc Chem Soc. 260(1957), 
J. Inorg. Nucl. Chem. 12 , 71 (1959). 

TO D. C. Bradley and M. L. Mehta. Unpublished results (1960). 

<*> D. C. Bradley and A. K. Chatterjee. Unpublished results. 

< 9 > D. C. Bradley and I. M. Thomas. Unpublished results. 

<*®* R. G. Jones, W. Bindschadler, G. Karmas, F. A. Yoeman and H. Gilman, J. Amci 
Chem. Soc. 78 , 4287 (1956). 

4t> D. C. Bradley, A. K. Chatterjee aiW W. Wardlaw, J. Chem. Soc. 2600 (1957). 



Table 1.—Volatilities (°C/mm) of tetra-alkoxides 
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Consideration of the M 4+ radii (see Table i) would suggest that uranium compounds 
should be less volatile than cerium compounds and more volatile than thorium 
compounds. In view of the uncertainty in the values of atomic or ionic radii and of 
the lack of precision m the volatility data it would be pointless to attempt a more 
detailed interpretation of these properties, but it appears that ionic radii afford a 
more reasonable correlation with volatilities than “covalent” radu. Although we 
could not determine the molecular weights of the uranium(IV) alkoxides, there can 
be little doubt from their volatilities that they are polymeric and involve uranium in 
a co-ordination number of six or higher. In particular, the striking increase in 
volatility caused by chain branching in the propoxides is characteristic of the 
behaviour of polymeric metal alkoxides. 


EXPERIMENTAL 

ReacUons were earned out in the absence of oxygen, and products for analysis were 
sealed in evacuated tubes. 

Preparation of alcoholates 

Anhydrous uranium tetrachloride reacted vigorously with methyl, ethyl, and l-propyl 
alcohols to give the following green solid addition compounds, uranium tetrachioride- 
tetrakismethanol (Found- U, 46-7; Cl, 27-6; MeO, 22-6. Calc, for C 4 H, 6 Cl 4 04 lJ' U, 46 8 , 
Cl, 27-9; OMe, 24-4%); uranium tetrachloruie-tetrakisethanol (Found. U, 41-7, Cl, 24 8 , 
EtO, 31-7. Calc, for C 8 H 24 CI 4 O 4 L): U, 42 1; Cl, 25 1; OEt, 31-9%); and uranium tetra- 
chloride-tetrakisisopropanol (Found. U, 38 5; Cl, 21 - 8 , Pr'O, 38-2. Calc for C12H32CI4O4U 
U, 38-4; Cl, 22 8 ; Pr'O, 38 1 %) Similar reactions with n-, s-, and t- butyl alcohols gave 
green solids in which Cl: U ratios were respectively 2-9, 2-5 and 0 4. 

Reactions of alcoholates 

Ammonia was bubbled through a solution of uranium tetrachloride-tetrakisethanol in 
benzene-ethanol. Ammonium chloride was removed by filtration, and analysis of the 
brown tarry residue obtained on evaporation corresponded to triethoxyoxouramumty)- 
ethanol, UO(OEt) 3 ,EtOH. (Found: U, 54 4; OEt, 39-9; valency, 5 2. Calc for C 8 H 21 O 5 U 
U, 54-7; OEt, 41-6%.) Distillation at 160°-180°C/0-l mm gave uranium pentaethoxide* 10 ' 2 " 
(Found: U, 51-7; OEt, 46 8 ; valency, 5 0 Calc, for C, 0 H 2 5 O 5 U U, 51 4; OEt, 48 6 %.) 
A similar reaction of ammonia with uranium tetrachloride-tetrakisisopropanol gave a light 
brown solid which recrystallized from l-propanol to form golden crystals of uranium 
penta-i-propoxide.<zi.22) (Found: U, 44 7; OPr', 55-2; valency, 50. Calc, for C 15 H 35 O 5 U 
U, 44-6; OPr', 55 4%.) 

Preparation of alkoxides 

Uranium tetramethoxide was prepared by filtration of the green precipitate formed 
on mixing methanolic solutions of lithium methoxide and uranium tetrachloride-tetra- 
kismethanol. (Found: U, 65 2; OMe, 38-8. Calc, for C4H12O4U: U, 65-7; OMe, 34-2% ) 
Ethanolic solutions of lithium ethoxide and uranium tetrachloride-tetrakisethanol formed 
a green precipitate of uranium tetraethoxide, which sublimed at 220° C/0-01 mm. (Found 
U, 57-0; OEt, 42-8; valency, 4-0. Calc, for C 11 H 20 O 4 U: U,56-9; OEt, 43-0%.) Lithium 
n-propoxide in dimethylcellosolve reacted vigorously with uranium tetrachloride to form 
a green precipitate. The solvent was removed and uranium tetra-n-propoxide sublimed at 
240°C/0-1 mm. (Found: U, 50-6; valency, 4 1. Calc, for C 12 H 28 O 4 U: U, 50-2%.) Lithium- 
i-propoxide and uranium tetrachloride reacted similarly to form uranium tetra-i-propoxide 
which sublimed at 160° C/0-01 mm. (Found: U, 50-5; OPr', 49-2; valency, 4-0. Calc, for 
CuHzKW; U, 50-2; OPr', 49-8%.) 
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Attempted preparation of uranium tetra-t-butoxide 

(a) Uranium tetramethoxide was heated under reflux with henzene-t-butanol, and 
methanol was removed slowly as an azeotrope with benzene. The solution became red and 
a brown solid formed. Impure uranium penta-t-butoxide* 21 - 221 was isolated from the 
reaction mixture. 

(b) Anhydrous uranium tetrachloride and t-butanol were added to a solution of 
potassium amide in liquid ammonia. Evaporation of ammonia and extraction of the residue 
with dry petroleum ether gave grey-brown crystals of a quinquevalent uranium compound . 1 
(Found - U, 45 - 8 ; valency, 5 0. Calc, for UO(OBu r ) 3 ,Bu ( OH: U, 43-5%.) A brown sublimate 
of uranium penta-t-butoxide was obtained at 130°C/01 mm. (Found: U, 40-2; valency, 5 0. 
Calc, for C 20 H 45 O 5 U: U, 39*5 %.) The grey-brown colour of a solution of UO(OBu') 3 ,Bu'OH 
in petroleum ether changed to red on standing in air for three days Evaporation gave red 
crystals of uranium hexa-t-butoxide which sublimed at 100°C/01 mm. (Found: U, 35-6. 
Calc, for C 2 4 H, 4 0 6 U: U, 35 2%) 

Silyloxide reaction 

Uranium tetrachloride reacted with lithium diethylmethylsilyloxide in dimethyl 
cellosolve-benzene to form a green precipitate Distillation yielded dichlorobis{diethylmethyl- 
3 ilyloxy)uranium(JV), b.p. 260°C/0-01 mm. (Found: U, 43-0, Cl, 13 05; Si, 10 -4; valency 
4 0 Calc, for GoH^ChOjSuU: U, 43-8; Cl, 13 1; Si, 10-3%.) 

Materials 

Anhydrous uranium tetrachloride was prepared from uranium trioxide and hexa- 
chloropropene. (23 > Organic solvents, of “Analytical Reagent” grade when possible, were 
dried carefully by conventional methods before passing through columns packed with 
molecular-sieve. 

Analysis 

Chloride was determined gravimetrically as silver chloride. Uranium was oxidized and 
precipitated as the trioxide, and weighed as U 3 O 8 after ignition at 800°C in a platinum 
crucible. The valency of uranium was established volumetrically. <21 > Alkoxy groups were 
estimated by the method of Bradley et alA 2 *' 
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Abstract—The thermal decomposition of the anhydrous rare-earth sulphates was studied 
by thermogravimetric analysis (TGA) and differential thermal analysis (DTA) up to a 
temperature limit of 1400° C. TGA curves showed that the thermal decomposition reaction 
took place in two steps. The first step corresponded to the formation of metal oxysulphates, 
MjChfSOO, the second step corresponded to the formation of the metal oxides. DTA studies 
also revealed this decomposition pattern, giving as evidence two endothermic peaks. The 
heats of decomposition to the metal oxysulphates and sulphates were determined by 
quantitative DTA methods Preliminary information was obtained on the kinetics of the 
decomposition reactions. 

The rare-earth sulphate hydrates thermally decompose according to the following 
transitions. Rare-earth sulphate hydrates -L metal sulphate '-L metal oxysulphate 
metal oxide. The dehydration reaction(I) has been studied previously by ignition and 
thermogravimetric analysis (TGA) studies* 1 81 and by differential thermal analysis 
(DTA) * 8 ' 91 TGA data revealed that the first weight-loss temperatures ranged from 
40 to 110° C, while the minimum temperatures for the complete dehydration ranged 
from 155 to 295°C.* 71 In the DTA studies* 91 the dehydration reactions were found to 
be complete below 350°C. The heats of dehydration for the metal-sulphate hydrates, 
as determined by quantitative DTA studies,* 91 ranged from 68 kcal mole -1 for 
Ce 2 (S0 4 ) 3 -5H 2 0, to 152 kcal mole -1 for Yb 2 (S0 4 ) 3 -llH 2 0. 

* This work was done under the auspices of the U.S. Atomic Energy Commission. 

(1) J W. Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 5, 
Chap 28. Longmans, Green, London (1924). 

(2) G. R Hall and T. L. Markin, J. Inorg. Nucl. Chem. 4, 137 (1957). 

131 C. Duval, Inorganic Thermogravimetric Analysis, pp 403-412. Elsevier, Amsterdam 
(1953). 

l4) S H Katz and C. James, J. Amer. Chem. Soc 36, 779 (1914). 

153 J J. Pitha, A. L. Smith and R. Ward, /. Amer. Chem. Soc. 69, 1870 (1947). 
l6) B. Brauner and F. Pavilicek, J. Chem. Soc. 81, 1243 (1902) 

,7) W. W. Wendlandt, J. Inorg. Nucl. Chem. 7, 51 (1958). 

81 L. A. Alekseenko, A. F. Lemenkova and V. V. Serebrennikov, Zh. Neorg. Khim. 4 , 
1382 (1959). 

191 W, W, Wendlandt and T. D. Gboroe, J. Inorg. Nucl. Chem. 9, 245 (1961). 
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The decomposition of the metal sulphates to metal oxysuiphates(II) and metal 
oxides(III) has been reported to take place in the 650 to 1400°C temperature 
range. (1 - 5 - 1 - 10 > 111 The lower hmit is the minimum decomposition temperature for 
the Ce 2 (S 04)3 -* Ce 02 transition' 77 while the upper limit applies to lanthanum, in 
this study, the thermal decomposition of all of the rare-earth metal sulphates was 
investigated by the methods of TGA and DTA up to a temperature of ~ 1400°C. 
In addition the heats of decomposition to the metal oxysulphates and the metal oxides 
were evaluated and some preliminary data obtained on the kinetics of the decomposi¬ 
tion reactions. 


EXPERIMENTAL 

Rare-earth metal sulphates 

All of the metal sulphates, except the cerium salt, were prepared from the metal oxides 
as previously described.' 7 * The cerium salt was obtained as cerium sulphate 9-hydrate. 
The composition of the metal sulphates was determined by weight-loss after heating to 
400°C m a muffle furnace, and by residue weight after ignition to 1400°C. 

Thermobalance 

The automatic recording instrument has previously been described.' 12 * It was further 
modified in that the nichrome-wound furnace assembly was replaced by a Kanthal-wound 
unit of similar dimensions The temperature of the Kanthal furnace was detected by a 
chromel-alumel thermocouple placed near the sample crucible, and recorded on a potentio- 
metric strip-chart recorder. Sample sizes of the anhydrous metal sulphates ranged in weight 
from 90 to 100 mg. A static air atmosphere was maintained in the furnace during the 
pyrolysis reactions. 

The DTA apparatus used has previously been described.' 12 * It was modified slightly 
m that a platinum wire was welded to the platinum junction of the differential thermocouple 
so that the sample temperature could be measured with an external potentiometer at any 
given instant, the precision being about ±2°C. The liquid sample holder was employed 
so that the samples could be weighed before as well as after a run. Moreover, it was believed 
that the technique of introducing and distributing the sample in the chamber would be more 
reproducible. 

Standard conditions for each DTA run were 100-105 mg of sample and a heating rate 
of 10°C min -1 (nominal) in a dynamic atmosphere of argon at atmospheric pressure 
Kinetic data were obtained for lanthanum, europium, and ytterbium sulphates by varying 
the heating rate In several instances, the sample size was also varied. 

RESULTS AND DISCUSSION 

TGA results 

The TGA curves for all of the metal sulphates except cerium are given in Figs 
1-3 with arbitrary temperature axes. In general, the temperatures at which the 
reaction 

M 2 (S0 4 ) 3 - M 2 02(S0 4 )+2S02+02 (!) 

becomes noticeable range from 855 to 946°C. The trend appeared to be that this 
temperature increased slightly with an increase in atomic number of the metal ion 
For the reaction 

v M 2 0 2 (S0 4 ) - M 2 0 3 +S0 2 +i0 2 (2) 

<*®> L. Wohler and M, Grunzweig, Ber. Dtsch. Chem. Ges, 46, 1726 (1913). 

(,1 > L. Wohler and K. Flick, Ber. Dtsch. Chem. Ges. 67 B, 1679 (1934). 

< 12 * W. W. Wendlandt, Analyt. Chem. 30, 56 (1958); 32, 848 (1960). 

< 13 > M. W. Nathans, J. Inorg Nucl. Chem-32, 231 (1961). 
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1 

(with the exception of praseodymium and terbium) the minimum decomposition 
temperature ranged from 1090° to ~ 1250°C. In the case of ytterbium and lutetium, 
the decomposition process appeared to be a single step giving the metal oxides 
directly. The decomposition temperatures of the M 2 0 2 (S0 4 ) compounds were 
definitely more dependent upon the atomic number of the metal ion than the initial 
decomposition of the anhydrous metal sulphates appeared to be. As the atomic 
number of the metal ion increased, the weight levels corresponding to the M 2 0 2 (S0 4 ) 
compounds became shorter, indicating that the compounds became less stable. This 
stability was much less in the case of ytterbium and lutetium in that instead of a 
honzontal weight-level in the curve, a slight inflexion point was observed which 
indicated the transient existence of probably M 2 0 2 (S0 4 ) compounds. 



Temperoture, *C 


Fiq, 1. — Thermogravimetnc analysis curves of the sulphates of La, Pr, Nd, Sm, Gd. 

DTA results 

Since all of the rare-earth DTA curves were quite similar to each other, only four 
of them are reproduced in Fig. 4. The DTA curves all exhibited two endothermic 
peaks.* The first peak was due to the reaction in Equation (1) while the second was 
for the reaction illustrated by Equation (2) As the atomic number of the metal ion 
increased, the two endothermic peaks became closer together although still indicating 
the two reaction decomposition sequence Cerium sulphate was an exception from 
this general behaviour of thermal decomposition. 

* It was observed that between 350° and 450°C the sulphates of Pr, Nd, Sm, Eu, and 
Gd gave a small exothermic peak. X-ray diffraction of appropriate samples of the Sm salt 
showed that the dehydration of these salts leaves an amorphous material which transforms 
into a crystalline material at the above temperatures. The crystalline anhydrous samarium 
sulphate is isostructural with the lanthanum sulphate. An unsuccessful attempt was made 
to index the powder pattern. It appears that the structure is either monoclimc or triclinic. 
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Fig. 3.—'Thermogravimetnc analysiMwrvcs of the sulphates of Dy, Tm, Yb, Y 
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Fig 4 —Differential thermal analysis curves of some rare-earth sulphates 
A-La; B-Eu; C-Yb; D-Ce. 


A qualitative agreement between TGA and DTA is apparent. It would appear, 
however, that in DTA the reaction starts at a much lower temperature than m TGA. 
Some of this difference may be caused by the greater sensitivity of the DTA equipment 
The main reason seems to lie in the conditions used. When a stationary air 
atmosphere was employed the DTA curves of the lanthanum sulphate were shifted 
to considerably higher temperatures, the first peak from 960 to about 1040°C. The 
same was observed at LRL with calcium carbonate powders. In this case it was 
established that the diffusion of product gas through the sample to the surrounding 
atmosphere was rate determining. We suggest a similar phenomenon here. 

Fig 5 shows a plot of the peak temperature vs. atomic number The plot shows 
a behaviour which does not have as complete a regularity as might be expected. 

Heats of reaction 

The heats of reaction for equations (1) and (2) were determined from the DTA 
curves by use of the relationship: 

h 

bH=C^LTdt 

h 
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where ? ( and t 2 are the times at the beginning and at the end of the reaction, A? is 
the differential temperature, and C is the proportionality constant which not only 
contains an instrument-dependent factor but also a factor which depends upon the 
particle size, sample packing, and sample thermal conductivity/ 14 * The integral is 
the area under the peak. The problem m this technique is the determination of the 
constant C. Of the various methods available (none of which has as yet attained a 
high degree of accuracy), the use of CaCC >3 was decided upon as the reference com¬ 
pound since it undergoes a decomposition reaction to CaO and C0 2 in a temperature 
range not too far from that under study. 



Fio. 5.—Differential thermal analysis peak temperatures for A, sulphate 
decomposition; B, oxysulphate decomposition. All at 10°C/min heating rate 

The heat of decomposition was taken as 37 kcal/mole, a value obtained from the 
slope of the en p vs. 1 JT curve/ 15 * 

The heats of reaction for the metal sulphates were determined by use of the 
above method. It was felt necessary, however, to investigate first the effect of some 
of the factors which may have an influence on the peak area determination. 

The peak areas for a given sample size of lanthanum sulphate, europium sulphate, 
and ytterbium sulphate were independent of the upheat rate, except for heating rates 
below 3°C/min. This is shown in Table 1 for two of the cases investigated The 
deviation at low heating rates can be explained by the condition that the heat absorbed 
by the reaction must be measurably greater than the heat supplied by the furnace 

(u * S. SEEil, L. H. Berkelhamer, J. A Pask and B. Davis, U.S. Bureau of Mims, Tech 
Blper 664 (1945) 

(is) {p) F. H. Smith and L. H. Adams, J . Amer . Chem . Soc . 45, 1167 (1923). 

■(b) G. C. Kennedy. Private communication (July, 1961). 

(c) R. L. Stone and M. W. Nathans ^Unpublished data. 
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and sample block assembly. The effect of sample size is -less clear. This was not 
further investigated than is indicated in Table 1 because it was apparent that 100 mg 
was a suitable sample size. 


Table 1.—Peak areas for rare earth sulphate decomposition at various heatinq rates 


La2(S04)3 —* La20 2 SC>4 + 2 SO 2 + O 2 

Yb 2 0 2 SO* -a 

Yb20 3 +S0 2 +i0i , 

Heating rate 


Heating rate 


(°C/min) 

Peak area* 

(°C/min) 

Peak area* 

22 0 

1280t 

19-5 

5001 

100 

1220 

9-7 

510 

9 7 

1029 

7-4 

490 

8 0 

1246 

5-1 

440 

7-8 

1290 



5 

1410 



3-5 

760 



1 

0 



100 

970 J 



9-6 

1312§ 




* Arbitrary units, per 1000 mg sample, 
t Sample size: 100-105 mg in this series. 
} Sample size: 31 mg. 

5 Sample size: 197 mg. 



Fig. 6 . — Heats of decomposition of rare-earth sulphates and oxysulphates. 
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The results of the measurements are shown graphically in Fig. 6. The 95 per cent 
confidence limits calculated from a series of results for lanthanum, europium, and 
ytterbium sulphate is about ±8 per cent. The method used for this calculation is the 
one suggested for small numbers of observations by Dean and Dixon.< 16> The 
precision is not high enough to try to establish any correlations. It does seem, 
however, that there is a regular increase in the heat of reaction for the oxysulphate 
decomposition from praseodymium to lutetium, and that its value is less for the 
decomposition of the gadolinium and lutetium salts compared to that of the others. 
Kinetic studies 

The constants for the kinetics of the decomposition reactions as shown in 
Equations (1) and (2) were determined by the method of Kissinger. < 17 - 18 > The 
constants are evaluated from the equation 

d mwr m 2 ) 

d(l/T m ) R 

where <f> is dTjdt, the heating rate, T m is the peak maximum temperature, and E' is 
the activation energy. From a plot of log <f>/T m 2 vs. l/r m , the slope is E'f 2-3 R, from 
which E' can be obtained The frequency factor, A, was calculated from the rela¬ 
tionship 

A = (£' 4>!RT m 2 ) exp (—E'IRT m ) 

Activation energies were determined for the decomposition of La, Eu and Yb 
sulphates. Figs. 7 and 8 show plots of log <j>!T„ 2 vs. 1/T m . Table 2 lists the kinetic 
constants obtained from a least-square fit. The limits on E' are standard deviations 
It is believed that several additional points would have considerably reduced the 
error in E'. 



(tt )* 104 

Fio. 7.—Kinetics plot for the rare-earth sulphate decomposition. 

««) R. B. Dean and W. J. Dixon, Analyt. Chem. 23, 636 (1951). 

(id H. E. Kissinger, J. Research Nat. Bur. Standards 57, 217 (1956). 

(18) H. E, Kissinger, Analyt. Chem. 29, 1703*^1957). 
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Fig 8. —Kinetics plot for the rare-earth oxysulphate decomposition 


Table 2 —Arrhenius constants for some rare-earth sulphate and 
OXYSULPHATE DECOMPOSITIONS* 



Sulphate 

Oxysulphate 

A 

E' 

A* 

E' 

La 

1 -2 x 10 10 

62 2 ± 6 51 

2 3 x 10« 

185 ±33 

Eu 

71 x 109 

58 ±26 

2 8 x 108 

65 ±12 

Yb 

4-4x106 

46 ±4 

3 6 x 10 10 

64±19 


* Rate constant = A exp {—E'IRT), with A in min -1 , Et in kcal/mole. 
t Standard deviation. 



T ime, mm 

Fio. 9.—Typical weight loss-time curves of lanthanum sulphate decomposition. 
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The reaction order, n, was calculated with the formula n — 1-26 S* where S is 
the shape index of the DTA peak. With very few exceptions, all of the peaks were 
quite asymmetric, and S was difficult to determine with any degree of precision. The 
apparent order was estimated to be about 0-3; the oxysulphate decomposition of 
ytterbium and lutetium showed an apparent order of about 0-75. The meaning of 
these numbers needs to be investigated further. 

At present there is insufficient evidence that DTA experiments give the correct 
values of the calorimetric and kinetic properties. An attempt was made to check 
the heats of decomposition by determining the difference in the heats of solution of 
anhydrous lanthanum sulphate and lanthanum oxysulphate. The attempt failed 
because of the slow rate of dissolution of the oxysulphate in the acid solvents used 

The kinetic data for reaction (1) were checked by isothermal experiments of two 
kinds One hundred milligram samples were spread out on a small piece of gold foil 
The weight loss was determined as a function of time at various temperatures by 
suspending the sample from a balance in a suitable manner in a furnace. In another 
senes the sample was located in a small porcelain crucible to determine the effect 
of geometry. One typical curve of each series is shown in Fig. 9. It is clear that 
straight lines, hence zero order reactions, are obtained over a large extent up to at 
least 40 per cent reacted The behaviour of the curves is in general agreement with 



Fro. 10.—Arrhenius plot for the lanthanum sulphate decomposition. 
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t he DTA results. The slope of the straight line portion, the rate constant, was found 
t0 be dependent on the sample size, but not proportional to it. This was not 

investigated further. 

Fig. 10 shows a plot of the In (rate) vs. l/T for a constant sample size. The slope 
gives an activation energy of 74 kcal/mole, considerably higher than that determined 
by DTA. ' ii 
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STABILITY CONSTANTS OF CERTAIN 
LANTHANIDE(III) AND ACTINIDE(IIl) 
CHLORIDE AND NITRATE COMPLEXES* 

D. F. Peppard, G. W. Mason and I. Hucher 
Argonne National Laboratory, Argonne, Illinois 

(Received 15 November 1961; in revised form 29 December 1961) 

Abstract—By means of acid-dependency studies, the extractant di[para(l,l,3,3-tetramethyl 
butyl)phenyl] phosphoric acid, HDOOP, in toluene as a carrier diluent has been shown to 
extract M(III) lanthanides and actinides from aqueous perchlorate, chloride and nitrate 
media as species containing none of the anions present in the aqueous phase. Consequently, 
extraction of M(III) lanthanides and actinides from mixed perchlorate-chloride and from 
mixed perchlorate-nitrate aqueous phases may be used to determine the stability constant, 
k c for MC1 2+ and M(NOj) 2+ . The k c values, at 22±1°C, \i - 1-0, so determined are: 
MC1 2+ , La (0-9 ±0-3), Ce(0-9 ±0-3), Pr(0-9 ±0-3), Eu(0 9 ±0-3), Tm(0-8 ±0-3), Yb(0-6 ±0-2), 
Lu(0-4 +0-2), Am(0-9 ±0-2); M(N0 3 ) 2 + , La(l 3 ±0-3), Ce(l -3 ±0-3), Pr(l -7 + 0-3), Eu(20± 
0 3), Tm(0 7 ±0-2), Yb(0-6 ±0-2), Lu(0-6 ±0 2), Am(l 8 ±0-3) 

In general, the aqueous M* + , MX (iM>+ and X" systems may be studied by measuring 
a property of either M i+ or of MX <6 ~ 1)+ as a function of the concentration of X - , if 
the sum of the concentrations of M 6+ and MX (6 ~ l) + is known and if no other 
M-contaimng species is present. Consequently, a liquid-liquid extraction system 
involving mutually equilibrated sensibly immiscible aqueous and organic phases, in 
which M fc+ is extractable and MX + < 6_l > is non-extractable from the aqueous phase 
into the organic phase, may be used in the determination of the stability constant of 
MX+(*-')_ This technique, which has found wide application, has been reviewed by 
Zozulya and Peshkova. (1) 

Specifically, a monoacidic ester of orthophosphoric acid in toluene as a carrier 
diluent has been used to extract M(III) from an aqueous phase one molar in combined 
HC 10 4 plus HX, where HX is HC1 or HNO 3 . The variation of K with X - was then 
used in computing the value of the stability constant for MX 2+ 

EXPER1 MENTAL 

Nomenclature 

The “type” extractant, (GO) 2 PO(OH),< 2 > is a monoacidic “di-ester” of orthophosphoric 
acid in which G represents a generalized organic group. Continuing previous usage of 
symbolic formulae, (2 > this extractant may also be represented as HDGP where H signifies 
a theoretically ionizable hydrogen and D, G and P respectively signify the prefix di-, a 
generalized organic group, and phosphoric ester For example (n-C«H<) 0 ) 2 PO(OH) is 
represented as HDBP, i.e. dibutyl phosphoric acid. 

* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 

m ^ P. Zozulya and V. M. Peshkova, Russ. Chem. Rev. (Eng. Transl.) 2 , 101 (1960), 
i.e. Uspekhi Khimii 2 , 234 (1960). 

21 D. F. Peppard, G. W. Mason, W. J Driscoll and R. J. Sironen, J. Inorg. Nucl. Chem. 
% 276 (1958). 
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The extractant employed m the present study, di[para(l,l,3,3-tetramethyl butyl)phenyl] 
phosphoric acid, is referred to as di octyl-phenyl phosphoric acid and is symbolized as 
HDOOP. It should be remembered that these symbolic formulae are used without regard 
to molecular complexity 

The distribution ratio, K, is defined as the concentration of a given nuclide in the 
“organic” phase divided by the concentration in the “aqueous” phase following mutual 
equilibration of these phases. Specifically, the counting rate, alpha or beta, associated with 
a given aliquot of a phase is taken as a direct measure of the concentration of the pertinent 
nuclide. 

Sources of materials 

Di[para( 1,1,3,3-tetramethyl butyl)phenyl]phosphoric acid, [MCgHnXQH^OflaPOfOH), 
HDCKDP, was isolated and purified as described previously/ 3 ) using the mixture obtained 
from Victor Chemical Works, except that the procedure for eliminating pyro contaminants 
was modified. Staring with 6 M HC1 at 80° C was extended from the previously described 
8 -hr period to a 48-hr period. Reagent grade toluene was used as carrier diluent. The 
NaC10 4 and NaNOj and the corresponding acids used in preparing the constant p solutions 
were purified as described previously / 41 

The ^-active nuclides 40 2 hr 140 La (with parent 12-8 day 140 Ba), 285 day ,44 Ce (with 
daughter 17 min 144 Pr) and (13,16) year 152 - 154 Eu were obtained from the Isotopes Division 
of the Oak Ridge National Laboratory Daughter i«La<s> was isolated from its parent, 
and the other nuclides* 5 - 6) were subjected to further purification cycles, by application of 
liquid-liquid extraction techniques The /?-active nuclides 129 day 170 Tin, (32, 4 2) day 
i69, irsYb and 6-8 day 177 Lu were prepared by neutron irradiation of the highly-purified 
corresponding gross lanthanides. /?-active 13 8 day l43 Pr was isolated from a neutron- 
irradiated sample of highly-purified gross cerium (5) 

Determination of distribution ratios, general 

The distribution ratio, K, was determined as previously described* 6 ) with the following 
modifications. The two phases (2 ml portions of each) were mixed in 15 ml polypropylene 
conical centrifuge cones fitted with hollow stoppers, obtained from The Nalge Co , Inc , 
Rochester 2, N Y All of the experiments corresponding to the points of a given curve were 
performed simultaneously, the stoppered cones being placed as a bundle in a straight-wall 
screw-cap glass jar in such a way as to be fixed rigidly in place The assembly was then 
shaken manually for a 6 min period Following gravity phase disengagement, approximately 
1-5 ml portions of the phases were transferred individually to fresh centrifuge cones and 
centrifuged at full speed for a 1 min period in an International Clinical Centrifuge, Model 
CL and the assay made as described.* 6 ) All of the data were obtained at 22 ± 1" C. Aqueous 
phases with salt content were analysed by the "octyl pyrophosphate” extraction technique < 7) 
Determination of complexity constants 

For determination of chlonde complexity constants, the members of a series of solutions 
1-0 M in H + and lOMui combined perchlorate and chloride ions were used as aqueous 
phases against a solution of HDOOP in toluene as the opposing organic phase. The con¬ 
centration of HDOd>P, so chosen that the measured K values fell between 0-1 and 10, was 
kept fixed throughout the determinations for a given curve. The K values were determined 
by both “direct” and “reverse” procedures, i.e. an aqueous phase containing radioactive 
M(III) was contacted with barren organic phase (“direct”) and an organic phase containing 
radioactive M(III) was contacted with barren aqueous phase (“reverse”) Duplicate assays 
of each phase were made. The average of these four determinations was used m calculating 
the K values. 

In a similar fashion, a series of aqueous solutions 1 -0 M in H+ and 10 M in combined 
perchlorate and nitrate ions was used in the determination of nitrate complexity constants 
< 3 > D. F. Peppard, J. R. Ferraro and G. W. Mason, J. lnorg. Nucl. Chem. 7, 231 H958) 

< 4 > D. F. Peppard, G. W. Mason and S. McCarty, J. Inorg. Nucl. Chem. 13, 138 (I960) 

< 5 > D. F. Peppard, G. W. Mason and S. W. Moline, J. Inorg. Nucl. Chem. 5, 141 (1957) 

< 6) D. F . Peppard, G. W. Mason, J. L. Maier and W. J Driscoll, J. Inorg. Nucl. Chem. 4, 

334 (1957). 

(7) D- F- Peppard, G. W. Mason and I. Hucher, J. Inorg. Nucl. Chem. 18, 245 (1961). 
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RESULTS AND CONCLUSIONS* 

The extraction of M(I1I) lanthanides and actinides in the HD04>P (in toluene 
diluent) vs. an aqueous perchlorate phase system has been represented< 2) as: 

MJUatHDOOP)* ^ MtHCDOO^+BH^ (1) 

In this previous study,* 2 * Expression (1) was proved applicable to aqueous perchlorate 
phases and specifically to La, Pm, Y, Sc, Ac and Am. The distribution ratio, K, for 
M(I 1 I) is thus expressed* 2 * as: 

K = ^[(HDOOP^pni (2) 

The present work extends the investigation to aqueous chloride and nitrate phases 
and to other lanthanides(HI). The absolute K values are not in complete agreement 
with previous data,* 2 * but the dependencies remain unchanged. 

Since all points used in determination of a given stability constant were obtained 
at a fixed extractant concentration, knowledge of the extractant dependency is not 
necessary in interpreting the data. Consequently, although extraction dependency 
data were obtained for Pr and Tm in 1 M HC10 4 , 1 M HC1 and 1 M HNO 3 and the 
extraction dependency shown to be third-power, the curves are not presented here. 
However, it is imperative that an inverse third-power hydrogen ion dependency be 
proved in order to establish the absence of C10 4 , CI“ or NO 3 in the M(III) extracted 



Fra. 1 .—Hydrogen ion dependency of the extraction of M(IH) into HDOPP 
(toluene) from HCl+NaCl, n = IO. 
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species. Therefore, acid-dependency data were obtained for each of the M(1)J] 
elements studied in CIO;, Cl~ and NO; aqueous phases, using the appropriate 
sodium salt to maintain unit ionic strength. In each case, the expected inverse third 
power hydrogen ion dependency was observed throughout the range 0-063-1 -00 M H + 
The data for Pr, Eu, Tm and Am are considered typical and are presented in Figs I 
and 1 for the chloride and nitrate systems, respectively. 



Fig. 2.— Hydrogen ion dependency of the extraction of M(III) into HDOd>P 
(toluene) from HNO } + NaN0 3 , n = 1 0 


The variation of K with concentration of X - in an HDOd>P (fixed concentration 
in toluene) vs. 1-00 M (HC10 4 H-HX) system was then determined for each M(III) 
element studied. The Pr, Eu, Tm and Am data are considered representative and 
are presented in Figs. 3 and 4 for the perchlorate-chloride and perchlorate-nitrate 
systems, respectively. The plot of 1 jK vs. M of X~ is represented acceptably well by 
a straight line, and from the slope and zero intercept the value of the stability constant 
of MX 2+ may be calculated. In practice, k c in each instance was obtained by a least- 
squares analysis of the data. 
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Fig 3.—Variation of (l/K) for M(III) with [Cl - ] in HCIO 4 + HCI, /1 - 1 0. 

The calculated stability constants, k e , for the MX 2+ ions are presented in 
fable 1. Comparative data from other sources are given in Table 2. 


Table 1. —Stability constants for MX 2+ , h - 1 00, 22 ± 1° C 


M(III) 

k c 

for MX 2 + 

x- = Cl - 

X- = NOj- 

La 

0-9 ±03 

1-3 ±0-3 

Ce 

0-9+0-3 

1-3 ±0 3 

Pr 

0 9±0-3 

1-7 ±0-3 

Eu 

0 9+0-3 

2-0 ±0-3 

Tm 

0-8 ±0-3 

0-7+0-2 

Yb 

0-6 ±0-2 

0-6 ±0-2 

Lu 

0-4 ±0-2 

0-6 ±0-2 

Am 

0-9+0-2 

1-8 ±0-3 
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Fig. 4.—Variation of (1 IK) for M(II1) with [NOj] in HCIO 4 + HNOj, n = 1-0. 


Table 2 —Comparative stability constants for MX 2+ from other studies* 


M(III) 

x- 

R 

k c for MX 2+ 

Reference 

Pu 

Cl- 

0-5 

1 7 

8 


ci- 

10 

0-9 

8 

Am 

ci- 

0-5 

17 

8 


no 3 - 

10 

40 

9 

Ce 

ci- 

0-6 

1-25 

10 


ci- 

10 

1-73 

10 


no 3 - 

~ 09 

1-4 

10 


no 3 - 

7 

11+25 

11 

Lu 

Cl- 

01 

28 

12 


* References 8, 9, 11: no temperature given, so “room temperature” 
is assumed. References 10 and 12: 25 ±0-5° C and 20° C, respectively. 


•s' M. Ward and G. A. Welch, J. Inorg. Nucl. Chem. 2, 395 (1956). 

(9 > l. A. Lebedev, S. V. Pirozhkov and G. N. Yakovlev, Akad. Nauk. S.S.S.R., Ordena 
A£C n T ^27 ^ omno1 ^ ner 8 11 - United States Atomic Energy Commission Translation, 

“‘I E Connick and S. W. Mayer, J. Amer. Chem. Soc. 73, 1176 (1951). 

’ V. V. Fomin, R. E. Kartushova and T. I. Rudenko, Zh. Neorg. Khim. 3, 2117 (1958), 
Quoted from Chem. Abstr. S3, 11953 g. 

U2) E - J- Wheelwright, F. H. Spedding and G. Schwarzenbach, J. Amer. Chem. Soc 75, 
4196 (1953). 
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DISCUSSION 

As has been pointed out by investigators utilizing the thenoyl trifluoroacetone 
(HTTA) extraction technique in determining ThX 3+ stability constants( 13 > if only 
the “first” complex is of importance a simple relationship between K and [X~] exists 
and the k for the complex may be obtained by graphical or equivalent procedures. 
For the M(III) extraction, the K of Expression (1) becomes,' ' , 

K = *,[( HDOO>P) 2 J 3 /{tH + P(l +kjX~])} (3) 

Setting [X - ] equal to zero, dividing the resulting expression for K 0 (i.e. only 
perchlorate, no X“) by Expression (3) and rearranging terms yields; 

)/K = 1 /A’o+( k c /K 0 )[X “] (4) 

Consequently, from a plot of \/K vs. [X~] the slope plus the intercept serve to 
evaluate k c . 

In considering the k c values of Table 1 it should be remembered that concentra¬ 
tion, not activities, have been employed and that [H + ] 3 , which does not appear in 
Expression (4) because it was cancelled in the derivation, may be cancelled legitimately 
only if “100 M H + ” has the same effect upon the extraction mechanism in the 
presence of 1 00 M ClOj ,1 -00 M X", and the various 1 -00 M (C10j+X~) mixtures. 

It is doubtful whether the cancellation of the [H + ] 3 term may be justified com¬ 
pletely. However, in comparing results obtained by this technique with those obtained 
by an ion-exchange technique it should be realized that the same cancellation of 
“hydrogen ion dependency” is involved in the two approaches. In the ion exchange 
method, Connick and Mayer< i0) found it necessary to correct for the adsorption of 
CeCl 2+ by the resin. No analogous correction for extraction of MX 2+ was required 
in the present study. 

The extraction of neutral MX 3 may also be used in the determination of the 
stability constant of MX 2+ , etc , the stoicheiometry of extraction of Ce(IIl) from an 
aqueous nitrate phase into a tnbutyl phosphate (TBP) in carrier diluent phase being 
represented as: 

Ce 3 A +3NOj A +3TBP 0 ^ Ce(NO,) 3 (TBP) 3 0 (5) 

<^+N 0 j A ^Ce(N 0 3 ) 2 i ( 6 ) 

K = ^s[NOj3i[TBP]o(l ri-ArJNOj]) - > (7) 

in the NOj concentration range in which Ce(N0 3 ) 2+ is the only complex of im¬ 
portance. A plot of (l/Kj[NOj] A [TBP]o vs [NOj] then serves to evaluate k c . In 
this instance, the major concerns are whether the extrapolation to zero concentration 
of NOj is sufficiently precise and whether “mixed species”, for example 
Cc(C 10 4 )(N 03 ) 2 (TBP )3 etc., may be extracting from solutions of constant /i. Further, 
>f appreciable concentrations of HN0 3 are employed the tendency of HNO 3 to 
extract into the TBP phase, thereby lowering the concentration of free TBP, must 
also be considered and suitable corrections made 

1131 (a) R. A. Day, Jr. and R. W. Stoughton, J. Amer. Chem. Soc. 72, 5662 (1950); 

(b) E. L. Zebroski, H. W. Alter and F. K. Heumann, J. Amer. Chem. Soc. 73, 5646 
(1951); and 

(c) W. C. Waggener and R. W. Stoughton, J. Phys. Chem. 56, 1 (1952). 
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It is evident that each of these three techniques for determining k 0 for MX 2+ 
ion exchange, extraction of M 3+ and extraction of MX 3 is inherently incapable of 
yielding extremely trustworthy values from a thermodynamic viewpoint. However, 
the method presently employed serves to fix the k Q values within reasonable limits 
upon the assumption that the activity of 1 -0 M H + is unaffected as perchlorate ion is 
replaced by an equivalent amount of nitrate (or chloride) ion in a 1 * 0 ^ solution. 

From a comparison of the Ward and Welch* 8 ' data of Table 2 for PuCl 2+ 
and AmCl 2+ , the k c for AmCl 2+ at p = 1 -0 may be estimated as 0-9 with which the 
value of Table 1 is in agreement. The Lebedev et al . (9) value of 4-0 for the k c of 
Am(N0 3 ) 2+ , obtained by an ion exchange method, is to be compared with 1-8 of 
Table 1. The k c for CeCl 2+ of Table 1 is smaller by a factor of 1-7 than that 
reported by Connick and Mayer, < 10> Table 2, but that for Ce(N0 3 ) 2+ is in essential 
agreement with that of these investigators. However, the value of k e for Ce(N0 3 ) 2+ 
reported by Fomin et a/.,< n) presumably not determined at constant p, is considerably 
higher than the value presently reported. The value of twenty-eight reported for the 
stability constant of LuCl 2+ (p = 0-1) by Wheelwright et o/.< 12 > can not be compared 
directly with the value of Table 1 (p = 10). 

It is suggested that the technique of extraction by HDOOP, or similar phosphates 
or analogous phosphonates and phosphimc acids may be applied to the determination 
of stability constants of MX b+ etc. under conditions such that application of ion 
exchange techniques or of other liquid-liquid extraction techniques might not 
prove applicable due to hydrolysis difficulties, adsorption of complex species, extrac¬ 
tion of “mixed species”, etc. 



j Itiorg Nucl. Chem., 1962, Vot. 24, pp. 889 tf> 897. Pergimcn Prcn Ltd. Printed in Boland 
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INVESTIGATIONS ON THE SYSTEM NiO-S0 3 -H 2 0 AND ITS D 2 0 
ANALOGUE FROM 10 " 4 TO 3 m S0 3 , 150450° C*t 

William L. Marshall, James S. Gill and Ruth Slusher 
Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

(.Received 24 November 1961) 

Abstract —The condensed system NiO-SO,-H 2 0 and its D 2 0 analogue were investigated at 
concentrations of SO., from 10 -4 to 3 molal and at temperatures from 150 to 450° C. 
Liquid phase compositions and temperatures were established over which NiS 04 -H 2 0 or 
its D 2 0 analogue, some partially identified ruckel-oxy-sulphates, and Ni(OH ) 2 were stable 
solids Concentrations of NiO as high as 0-2 molal in 20 molal SO 3 were observed at 
temperatures above 374° in the super-critical fluid SC> 3 -H 2 0 . 

Combined results showed that all solids increased in solubility upon increasing the 
concentration of SO 3 in the liquid phase but exhibited negative temperature-coefficients of 
solubility at constant molality of SO, Stoicheiometric solutions of NiSO, were unstable. 
These solutions precipitated either one or two solids—mckel-oxy-sulphates, Ni(OH) 2 , 
or N 1 SO 4 H 2 0—in order to reach equilibrium conditions. 

At temperatures between 250' and 350°, NiSC> 4 -D 2 0 showed between 5 and 25 percent 
higher solubilities in D 2 SO,-D 2 0 solutions of moderately high acid concentrations than the 
corresponding hydrate m H2SO4-H2O solutions To the best of our knowledge, the reverse 
relation always has been observed for stoicheiometric salts dissolved only in the solvent. 

At temperatures between 100° and 350°, N 1 SO 4 appears in aqueous homogeneous 
reactor fuels of UO 2 SO 4 . D 2 S0 4 , and D 2 0< 2) as a corrosion product of stainless steel 
used as a container material. In order to have a broad knowledge of the phase 
behaviour of separate reactor fuel components it was desirable to investigate the 
system Ni0-S0 3 -H 2 0 and its D,0 analogue at some temperatures between 100° and 
450' and at widely varying concentrations of SO,. 

The system N 1 SO 4 -H 2 SO 4 -H 2 O was studied previously by others at temperatures 
up to 100".< 3 ' 4 ' 5) For the range 100-205°, Benrath reported temperatures for the 

* This paper is based upon work performed at Oak Ridge National Laboratory, which 
is operated by Union Carbide Corporation for the Atomic Energy Commission. 

t Previous paper in senes: “Distribution of CuO and NiO Components in the Two- 
Liquid Phase Region of the System U0 3 -S0 3 -H 2 0 and its D 2 0 Analogue, 300-350° C.”i» 

(1) E V. Jones and W. L. Marshall, J. Inorg. Nucl. Chem. 23, 295-303 (1961). 

I2) H F McDuffie, Properties of Aqueous Fuel Solutions in Fluid Fuel Reactors (Edited by 
J A Lane, H. G. MacPherson and F. Maslon), Chap. 3, pp. 85-127. Addison-Wesley, 
Reading, Mass. (1958). 

' J ' R - Rohmer, Ann. Chim 11, 611-725 (1939). 

4 A. W Babajewa and E I Daniluschkina, Z. Anorg. Chem 226, 338-40 (1936). 

5i C Montemartint and L. Losana, L'Industrie Chimica, 4,199-205 (1929). 
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start of precipitation, upon heating, from solutions of various concentrations of 
nickel sulphate ;* 6) the observations defined an “aufscheidungskurve” which, 
according to Benrath, is distinctly above the (unknown) true solubility curve! 

This paper presents solubilities obtained by the direct sampling procedure of 
solids in the system Ni0-S0 3 -H 2 0, as well as some comparative solubilities in the 
system NiO-SO 3 -D 2 0, at solution concentrations between 10 " 4 and 3 molal S0 3 
and at temperatures between 150 and 350°. Some concentrations of NiO soluble in 
the supercritical fluid S0 3 -H 2 0 above 374° are presented. 

EXPERIMENTAL PROCEDURES 

The experimental procedures were generally the same as described previously ^ 
although in this study, C.p. NiSO<-7H20 rather than N 1 SO 4 H 2 O was used as a starting 
material. Also, another reagent, Ni(OH) 2 , was prepared by precipitation from a NiCl 2 -H 2 0 
solution (made from C.p. N 1 CI 2 ) using NH 4 OH as the precipitating agent. The precipitate 
was washed extensively with “CC> 2 -free” distilled water until all chloride was removed In 
the preparation of D 2 O solutions the addition of H 2 O 2 increased the H 2 0 content of the 
solvent from 0-3 per cent (value obtained by an improved analysis of the D 2 0; previously 
reported m paper IV as 2 per cent) to approximately 5 per cent. 

The pressure vessels were of an advanced design and were capable of being used at 
temperatures up to 500°. These are described in detail elsewhere.*®) Eight of these vessels, 
each containing different solution and solid mixtures, were sealed and placed in the furnace 
After the control temperature was reached these vessels containing the mixtures were rocked 
for periods varying from 2 to 36 hr before sampling. Equilibration was allowed to continue 
at the same temperature or at higher or lower temperatures for later samplings After these 
procedures the vessels were cooled and the solids removed in the manner described 
previously.* 7 * 

Equilibration was substantiated by: (1) observing approximate rates of approach to 
equilibrium in sealed tubes using the synthetic method , 19 > ( 2 ) duplicating results on subsequent 
samplings at constant temperature, and (3) observing reversal of equilibrium upon reaching 
constant temperature from both lower and higher temperatures. Reversibility of equilibrium 
was observed to occur within 2 hr at concentrations in the region of stability for NiSC >4 H 2 0 
provided that no induction period for precipitation of solids was involved in the process 
An induction period was sometimes observed when only a solution phase was added initially 
to a pressure vessel 

Some critical temperatures (at which the meniscus between vapour and liquid phases 
disappears) and some exploratory boundary limits of temperature and composition for 
precipitation of NiS04 H 2 0 were determined using the synthetic method described 
previously.* 9 ) Fused silica capillary tubes containing approximately 50 per cent volume 
filling of solution at 25° and 60 to 80 per cent filling at the temperature of phase disappearance 
or transition were used for these experiments. Considerable super-saturation by N1SO4 HjO 
was observed upon increasing the temperature, but upon slowly lowering the temperature 
after the solid phase had appeared approximate limits of solubility were established. 

Analyses of the soluUons for NiO and SO 3 components were made either by acid- base 
titration or by direct measurements of pH on volumetric samples. The use of the particulai 
method depended on the range of concentration of the component. As a rule, acid-base 
titrations were used for determining concentrations of components above 0 05 molal 
Preliminary titrations on mixtures of N 1 SO 4 and H 2 SO 4 in H 2 0 solution showed that NiSCU 
would not affect appreciably the sharpness of the endpoint for excess H 2 SO 4 . Excess acid was 
determined in that manner. All nickel was removed from a second sample by washing the 

**> A. Benrath, Z. Anorg. Chem. 247, 147-60 (1941). 

< 7 > W. L. Marshall and J. S. Gill, /. Inorg. Nucl. Chem. 22, 115-132 (1961). 

*** J. S. Gill and W. L. Marshall, Rev. Sci. Instrum. 32, 1060 (1961). 

* 9) C. J. Barton, G. M. Hebert and W. L. Marshall, J. Inorg. Nucl. Chem. 21, 141-151 (I960 
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sample through a cation exchanger column containing Dowex-50. 11 ® 1 The eluent was 
titrated for SOj. The molar concentration of the NiO component was determined by 
difference. 

A vibra ting-reed electrometer in conjunction with a Rubicon potentiometer was used 
to make direct measurements of pH (at 25°) for concentrations below 0-05 molal.* 111 Control 
curves were determined by measuring the pH of NiO-SOs-HbO solutions at constant molar 
or molal ratio, msiol m soy< as a function of the concentration of excess H2SO4 (Tablet 1 ). 
\t molal ratios, hinio/'Wsoji of 0-8 or lower, the pH curves drawn from the data corresponded 


Table 1. —The pH at 25° C of H 2 O solutions of NiSO* and H2SO4 


^Mfno/Msos: 

0000 

0-500 

0-800 

0-870 

0-907 

0-950 

H 2 SO 4 (AO 

0TO22 

1000 

1-083 

1-185 




0 0337 

1-414 

1-477 

1-598 




001022 

1-858 

1-907 

2-006 

2-049 

2-075 

2-134 

0 00337 

2-277 

2-308 

2-375 




0001022 

2-757 

2-771 

2-811 

2-834 

2-855 

2-896 

0 000337 

3-211 

3-223 

3-250 




0-0001022 



--About 3-75- 


— 


closely to the pH curve for H 2 SO 4 in H 2 0. A pH measurement was made on the original 
sample which, by the use of the curves, thus gave an approximate concentration of excess 
H 2 SO 4 . Nickel was removed from another sample of the same solution by means of the 
cation exchanger column and the eluent was diluted to a known volume. A pH measure¬ 
ment of the diluted sample now containing only H2SO4 and H 2 0 gave the concentration of 
H 2 SO 4 which upon using the aliquot factor gave the concentration of total SOj in the 
original sample. An approximate molal ratio, m Nl o/m s03 , was then found which, by means 
of the curves, was used to obtain a better value for the concentration of excess H 2 SO 4 and 
subsequently for the molal ratio. It was only necessary to repeat this procedure one or two 
times to get a constant value for the NiO and SOj concentrations as low as 10~< molal 
which were reproducible to ± 1 per cent. 

In order to convert molar to molal concentrations, densiUes (at 25° C) were determined 
for two series of solutions, one series containing 1 -5 molar excess sulphuric acid and another 
series contamingO-75 molar excess acid, both for H 2 O and D 2 0 solutions (Table 2—densities 
of D 2 0 solutions corrected slightly for H 2 0 impurity). With molal :molar ratios calculated 
from these densities, these ratios were plotted against the excess molarity of sulphuric 
acid. The curves showed a major dependency on Af Ha so. but a minor dependency on Af Ni so.> 
and with these curves it was relatively easy to make the conversion. 

RESULTS AND DISCUSSION 

General. All solubility data obtained by the direct sampling procedure for thesystem 
Ni0-S03~H 2 0 are plotted in Fig. 1 as the saturation molal ratio, defined 

as R Ni and equal to the number of moles of NiO component present for each mole 
of S0 3 component, against the logarithm of the SOj molality. 

Curves for solubilities at temperatures from 150 to 350° are shown. The con¬ 
centration of the NiO component at saturation is obtained by multiplying by 
the selected molality of SO3. Values of R Nl lower than those along a curve at constant 
temperature represent unsaturated solutions. The solubility of solid phases decreases 

;;;; o. Day, E. V. Jones, J. s. Gill and W. L. Marshall, Analyt. Chem. 26, 611 (1954). 

W. L. Marshall, Analyt. Chem. 27, 1923 (1955). 
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as the temperature increases at constant molality of SO 3 . It is likely that this general 
behaviour may apply to the solubility of many metallic sulphates and metallic oxide 
solids in aqueous sulphate systems at high temperature. 

Table 2 —The densities and mjM ratios at 25° ± 1° C for H 2 0 and 
D2O SOLUTIONS OF NiSC>4 IN SULPHURIC ACID 


H 2 0 solutions DjO soluUons 


Density Density 


ath.so* 

AfNiSO, 

(g/cm 3 ) 

mjM 

A^d^so, 

M n ,so. 

(g/cm 3 ) 

mjM 

1-491 

1 254 



1 488 

1-254 

1 -371 3 

0 975 

1-491 

1 148 

1 256o 


1 496 

1 148 

1-356, 

0-974 

1-494 


1 241 2 

1 073 

1 496 


1 342, 

0 972 

1-488 

0 918 

1 224j 

1 070 

1 496 

0-918 

1 323* 

0 970 

1-488 

0-808 

1 -208(5 

1-068 

1 494 

0-808 

1 308 3 

0 969 

1-491 

0-660 

1187s 

1-066 

1 491 

0 660 

1 -287 0 

0 967 

1-491 

0 548 

1 170, 

1-065 

1 491 

0 548 

1 271 4 

0 966 

0-745 

0-627 

1 141, 

1-029 

0-744 

0-627 

1 242 2 

0 935 

0-745 

0 574 

1 -134 4 

1-029 

0 748 

0 574 

1 -233, 

0 935 

0-747 

0 522 

1 126 6 

1-029 

0 748 

0 522 

1 -226, 

0 935 

0-744 

0 459 

1 II 67 

1-029 

0-748 

0-459 

1 217, 

0 935 

0-744 

0 404 

1 109 5 

1 027 

0 747 

0-404 

1 - 211 2 

0 932 

0-745 

0 330 

1-098, 

1 027 

0-745 

0 330 

1 200 , 

0 931 

0-745 

0-274 

1 089; 

1 027 

0 745 

0 274 

1 192 3 

0 931 



SATURATION WOLAL RATIO Of SOLUTION, m UlQ /m %0 * ff Nl 

F 10 . 1.—The system fcJi0-S0 3 -H 2 0, 150-350° C. 
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Regions of stability of solid phases. The solids, NiSCVHjO and Ni(OH) 2 , 
specified as stable phases in Fig. 1, were identified by comparison of X-ray diffraction 
patterns of the solids removed from the pressure vessels after a run with those known 
for these compounds. Powder-pattern, X-ray diffraction data were obtained (Table 3) 


Table 3.—Debye-Scherrer powder patterns for solid? l, u, ,m, and iv 
(CuK a radiation) 



i 

II 

III 

IV 

i* 

d 

i* 

d 

i * 

d 

i* 

d 

S' 

7 10 

f 

10 00 

s 

10-10 

f 

7-75 

f 

6-30 

s 

5-25 

vf 

6 20 

S 

6-70 

m 

5 70 

VI f 

3-42 

f 

5-40 

m 

5-05 

r 

4-70 

vf 

3-20 

S~ 

5-10 

m~ 

3-82 

r 

4-33 

wf 

2-85 

f + 

4-65 

f 

3-37 

s 

4-00 

m 

2-74 

f 

4-05 

r 

2-93 

f 

3 80 


2 62 

f~ 

3-80 

f 

2 73 

vf 

3 60 

f 

2-42 

m 

3-40 

wf 

2-62 

vf 

3-52 

f 

2 27 

Vf 

3 28 

f 

2-56 

/ + 

3-39 

wf 

2-18 

f 

3-09 

f- 

2-49 

/ + 

3 22 

m~ 

209 

wf 

2 92 

f- 

2-42 

/ 

3 07 

wf 

1 90 

m 

2-70 

m + 

2-22 

m+ 

2 92 

f 

1-75 

m~ 

2 62 

wf 

2-05 

m + 

2 86 


1-60 

f 

2-55 

f+ 

1-98 

f 

2-80 



m 

2-50 

f + 

1-96 

r 

2 76 



f 

2-43 

f- 

1 -86 

m~ 

264 



f 

2 38 



nr 

2 47 








where 

i* ~= Relative Intensity 
s ~ Strong 
m ~ Medium 
/ = Faint 
vf -- Very Faint 
wf Very, Very Faint 

for other solids, I, II, III, and IV, but these data could not be matched with any 
published values for nickel compounds. Presumably these other solids in the inter¬ 
mediate range of solution S0 3 concentrations were nickel-oxy-sulphates. In an 
attempt to determine approximate compositions of stable oxy-sulphates and to 
locate isothermal, ternary L+2S points, several runs were made at temperatures 
from 200 to 300° with 0-3 to 3 0 g amounts of solid mixtures of molal ratios, NiO:S0 3 
varying from 1:1 to 6'1. These mixtures were shaken with 25 ml of H 2 0 at constant 
temperature. The gramme amounts of solid for each run were chosen in order that 
the relative change m the molal ratio of each solid mixture would be very small and 
negligible after attainment of equilibrium; but the X-ray examination of the residual 
solids showed that complete equilibrium with respect to solid transformations had 
not always been reached. Nevertheless, at temperatures between 225° and 300° an 
examination of the relative solution-composition groupings (see Fig. 1), as well as 
the X-ray diffraction data, with respect to the initial composition of mixtures, favoured 
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two oxy-sulphates having a molal ratio, NiO:SC> 3 , near 1-5 for solid I and a ratio 
near 2-5 for solid II. For the 150° data the solid phases observed ranged from solid I 
for the two highest concentrations through III, IV and Ni(OH) 2 for the others. 

Low precision in solubility data and in the identity of solid phases was evident 
in the regions of composition and temperature where Ni(OH) 2 and oxy-sulphates 
were the solids. It is possible, although the solution phases appeared to be saturated 
in less than 2 hr at constant temperature, that metastable nickel-oxy-sulphates or 
Ni(OH) 2 were incompletely converted to stable oxy-sulphates or Ni(OH) 2 thus 
resulting in low precision of the solubility data. Furthermore, the extreme dilution 
of the liquid phases and the fact that the solids, other than NiS0 4 -H 2 0, were not 
visibly crystalline made the collection of precise data difficult. 

Solubility of NiS0 4 H 2 0 in H 2 S0 4 -H 2 0. Upon inspection of Fig. 1, it is apparent 
that stoicheiometric NiS0 4 is not stable in H 2 0 solution at temperatures of 200 
and above, at least in the concentration ranges of this study, but hydrolyses to 
precipitate either an oxy-sulphate and insoluble NiS0 4 , or one or two of an oxy- 
sulphate and Ni(OH) 2 , depending upon the initial concentration. Excess H 2 S0 4 must 
thus be in solution to prevent hydrolytic precipitation of solid phases. 

If the compositions of liquid phases over which NiS0 4 -H 2 0 is a stable solid are 
expressed in terms of NiS0 4 , H 2 S0 4 and H 2 0 as the components, then the solubilities 
of NiS0 4 -H 2 0 may be plotted against the concentration of excess H 2 S0 4 Such 
plots on linear scales are shown in Fig 2 and define solubility curves at various 


i r__ -] —-—i—r" 



Fra. 2.—The solubility of NiS0 4 H 2 0 ia H 2 S0 4 -H 2 0 solutions, 200-350° C. 
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temperatures between 200 and 350°, The hypothetical solubility of NiS<VH 2 0 in 
H’O may be obtained by extrapolating these curves to zero concentration of excess 
HjS 0 4 - 

The solubility data for NiS0 4 H 2 0 in H 2 S0 4 -H 2 0 solutions were treated by a 
computer technique involving a method of least squares and are expressed by an 
empirical equation. This equation is given in Table 4 together with the values for ,the 


Table 4.—Equation and coefficients for the solubility of 
N1SO4 H 2 O in H 2 O 4 -H 2 O solution, 200-350° C 
(applicable for ranges of data shown in fig. 2) 


"iNiso* = ao+ai (tfiHiSO.l +02 (m H ,so .) 2 + ° 3 ("’ruso ,) 3 
where m = molality 


T(° C) 

flo x 10 3 

Q\ XlO 

«2 X 10 2 

a$ x 10 2 

Std. error of 
fit, molal 
units 

No. of 
observa¬ 
tions, n 

200 

+ 116-5 

+ 8-513 

-5-518 

0 

0-0100 

21 

225 

+ 29-18 

+8-680 

-8-272 

0 

0-0106 

21 

250 

+ 15-53 

+ 7 647 

-6-027 

0 

0-00519 

17 

275 

+ 8-497 

+6-113 

+0-3607 

0 

0 00946 

21 

300 

+ 4109 

+5 040 

+ 1-773 

0 

0-00634 

43 

325 

+ 1-181 

+3-934 

-0 7614 

+ 3-899 

0 00233 

14 

350 

+ 2-085 

+ 1-892 

+ 18-61 

-4-766 

0 00222 

15 


coefficients, the number of observations, and the standard error of fit, defined as 


K*< 


obt J ^calcd.)^ 


n —(I -no. of coefficients) 


at the different temperatures. The experimental precision of the data can be compared 
to the calculated curves in Fig. 2, 

Solubility of NiS0 4 -D 2 0 in D 2 S0 4 -D 2 0. Solubilities of NiS0 4 -D 2 0 in D 2 S0 4 - 
D 2 0 solutions as a function of the concentration of excess D 2 S0 4 , as well as the 
comparative solubility curves for the H 2 0 system, are presented in Fig. 3. The solubilities 
are given in 100 per cent D 2 0 solvent, and were obtained by a linear extrapolation 
from the values in H 2 0 and those in D 2 0 solvent containing the 5 per cent H 2 0 
impurity. The same empirical equaUon applies for these solubilities as for the 
analogous values in H 2 0 but the coefficients are different (Table 5). 

The marked effect of sulphuric acid on the solubility of the monohydrate, both 
in H 2 0 and in D 2 0, may be due in part to general ionic effect and m part to formation 
of HS0 4 ~ (as in Ag 2 S0 4 ). (12) At the temperatures above 200°, a larger solubility 
(by about 5 to 25 per cent, depending upon concentration of excess acid and 
temperature) was found in D 2 0-D 2 S0 4 solutions. To the best of our knowledge, 
reported solubilities of stoicheiometric salts at low temperature are always lower 
in D 2 0 than in H 2 0 due to the effect of solvent. The interaction of ionic reactant 
and solvent effects may be observed in this study by comparison of the hypothetical 
solubility in water, represented approximately by the coefficient, ao (Tables 4 and 5). 

(li) M. H. Uetzke and R. W. Stoughton, J. Phys. Chem. 63, 1188 (1959). 
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At constant temperature, this coefficient for the H 2 O system is always larger than for 
the D 2 0 system. Thus, at the temperatures above 200° (Fig. 3), as the concentration 
of excess sulphuric acid approaches zero, there is a cross-over in the curves and the 
solubility m H 2 0 solution becomes larger than in D 2 0 solution. 



0 01 oe 0 3 04 05 06 0-7 08 09 1-0 11 

Do SO4 . molo lily 

Fig. 3 — The solubility of N 1 SO 4 D 2 O m D 2 S 04 -D ;0 solutions, 200-350'C 


Table 5 —Equation and coefficients for the solubility or 
N 1 SO 4 D 2 O IN D 2 SO 4 -D 2 O solution, 200-350 C 
(applicable for ranges of data shown in fig. 3) 


J(°C) 


'"NiSO, 

— Co + ai (m D/S o,) +a 2 (" J D;SO ,) 2 

where m = molality 


a B X 10-’ 

a, x 10 

C2 ■' 10 2 

Std. error of 
fit, molal units 

No of 

observations, n 

200 

+ 84 57 

+ 8 182 

0 

0 00293 

3 

250 

+ 4-040 

+ 9 484 

35 54 

0 00236 

12 

300 

+ 3-232 

+ 6-039 

- 2-916 

0 00374 

31 

325 

+ 0 1710 

+4 480 

+ 2-620 

0-00161 

7 

350 

+ 0 9630 

+2-453 

+ 15-91 

0-000476 

6 


Concentrations of NiO in the supercritical fluid SO 3 -H 2 O. In a study carried out 
with F. J. Smith,* concentrations of NiO were observed to be stable above 375' in 
supercritical SC> 3 -H 2 0 fluids Also some phase-composition boundaries in the 
system Ni0-S03-H 2 0 were determined by another method—the synthetic 
method —rather than the direct sampling method. In this exploration it was estab¬ 
lished that a region of liquid-liquid immiscibility did not exist, at least over the range 

* Oak Ridge National Laboratory, Sunimer, 1960. 
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of concentration and temperature investigated. This finding was of interest since 
some other systems involving SC^fUOiSO^HjO / 131 U6 2 F 2 ~H 2 0 > (14> UO 2 SO 4 - 
CuS 04 -H 2 S 0 4 -H 2 0 ,U 5 > U0 } -Cu0-Ni0-S0 3 -H 2 0< !) ) were found to show liquid- 
liquid immiscihility at temperatures between 285 and 375°. 

In Fig. 4 temperatures at which a solid phase appeared or at which the meniscus 
between liquid and vapour phase disappeared (the critical temperature) are plotted 
against W Ni . The concentration of SO 3 is constant along each curve. Critical 



Fig 4 —Solid-liquid phase boundaries and critical phenomena, system 

NiO-SOj-H.O 

temperatures at /? Nl = O were obtained by Secoy and Stuckey. < 16 > The curves for 
solutions 0-5,1 -0,2 0 and 3-0molal in S0 3 , drawn at temperatures up to 350° and extra¬ 
polated to higher temperatures, were derived from the solubility curves shown in 
fig. 1. These values obtained by direct sampling are considered best since there is 
no possibility for supersaturation of the solution phase when solid is present and no 
assumption has to be made for the loss of components to the vapour phase. 

Acknowledgements —The authors thank Professor J. E Ricci, New York University, for 
" ls crit *cal suggestions and advice during the course of this research and during the prepara¬ 
tion of the manuscript. The help of M. H. Lietzke, Chemistry Division, m applying computer 
techniques to the representation of the data is acknowledged. R. L. Sherman, Analytical 
hcmistry Division, obtained the X-ray diffraction data and differentiated the patterns for 
the various solid phases. 

' w u, H ‘ SECOY ’ J Amer ' Chem - Soc - 72 > 3343 (1950) 

(is) c c MarsHall - J- S. Gill and C. H. Secoy, J. Amer. Chem. Soc. 76, 4279 (1954). 
I16) I" ~ Clark, J. S. Gill, R. SmsHBRandC. H. Secoy,/. Chem. Engng. Data, A , 12(1959). 
■ E, Stuckey, Ph.D, Dissertation. The University of Oklahoma Graduate College, 
Norman, Oklahoma (1957). 
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SOLUBILITY OF NEPTUNIUM(IV) PEROXIDE* 

E. K. Dukes and G. A. Burney 

Savannah River Laboratory, E. I. du Pont de Netnours & Co., 1 

Aiken, South Carolina 

(. Received 11 September 1961; in revised form 13 December 1961) 

Although the properties of plutonium peroxide have been thoroughly studied, only 
a meager amount of data are available for neptunium peroxide. La Chapelle et a// 1 ) 
report that a colourless to white flocculent precipitate of neptumum(IV) with a 
solubility of 100 mg per litre was formed in a 0-08 M HNOj-3-O M H 2 0 2 solution. 
To our knowledge no systematic study has been published on the solubility or 
crystalline form of neptunium peroxide. 

This paper describes the preparation of two crystalline forms of neptunium 
peroxide and presents data for the solubility of neptunium(IV) peroxide in nitric 
acid-hydrogen peroxide solutions. 

EXPERIMENTAL 

Reagents 

Neptuniumiiy) solution. A stock solution of pure neptumum(IV) was prepared by 
anion exchange. A 200 ml aliquot of 0-5 M nitric acid containing 5 g of neptunium was 
adjusted to 8 0 M nitric acid. The solution was made 0 05 M in ferrous sulphamate to 
reduce neptunium to the (IV) valence. The anionic nitrate complex of neptunium(IV) was 
absorbed on “Dowex" 1-X4 anion resin. The resin was washed with 8 0 M nitric acid and 
neptunium(IV) was eluted at about 35 g/l. with 0-35 M nitric acid containing 0 05 M 
hydrazine to maintain neptunium in the (IV) valence. The absence of other actinides was 
verified by an alpha energy analysis with an RCL 256 channel analyser, and the presence of 
neptunium(IV) was verified by spectrophotometric examination/ 2 * 

NeptumumilV') peroxide. Precipitates of neptunium(IV) peroxide were prepared in the 
following manner. An aliquot of the pure neptumum(IV) stock solution was added to a 
mixture of nitric acid and hydrogen peroxide to give a final composition of 2 0 M nitric 
acid-4 6 M peroxide. The mixture was agitated for 1 hr, then the peroxide precipitate was 
removed by filtration. The precipitate was washed with a solution of 2 M nitric acid-4 -6 M 
hydrogen peroxide followed by an alcohol wash and air drying at 23°C. 

Hydrogen peroxide. A 30 per cent solution of reagent-grade hydrogen peroxide that 
was stabilized with sodium stannate was used for all experiments. 

Hydrazine. The hydrazine was a 35 per cent aqueous solution produced by Betz 
Laboratories and marketed under the trade name “Hyzeen”. 

Other reagents. All other reagents were prepared from reagent-grade chemicals. 

* The information contained in this article was developed during the course of work 
under contract AT(07-2)-l with the U.S. Atomic Energy Commission. 

(1) T J. La Chapelle, L. B. Maqnusson and J. C. Hindman, Radiochemical Studies : The 

Transuranium Elements (Edited by G. T. Seaboro, J. J. Katz and W. M. Manning), 

NNES, Div. 14, Vol. 14 B, Paper 15.6, McGraw-Hill, New York (1949). 

’ R - Sjoblom and J. C. Hindman, /. Amer. Chem. Soc. 73,1744-51 (1951). 
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Procedures 

Solubility. An aliquot of pure neptunmm(IV) solution or a portion of solid neptunium 
peroxide was added to a small plastic bottle that contained a mixture of nitric acid and 
hydrogen peroxide of the desired concentrations. In each determination enough neptunium 
was added to ensure an excess of neptunium peroxide at equilibrium. The plastic bottle was 
placed on a mechanical shaker and agitated at 23 D C and at regular intervals an aliquot of 
the sample was withdrawn for analysis. This aliquot was centrifuged and the concentration 
of neptunium was determined from the a-activity in the supernate. The concentration of 
nitric acid was determined by titration with standard sodium hydroxide, and the concentra¬ 
tion of peroxide was determined by titration with standard potassium permanganate 
Analyses were continued until the system reached equilibrium. 

Crystalline structure. Determination of the crystalline structures was made from X-ray 
diffraction patterns Precipitates were prepared by the method previously described except 
that each precipitate was prepared separately to obtain the desired variation in concentration 
for nitric acid and peroxide m the supernatant. 

Peroxy-oxygen content The peroxy-oxygen content of the neptunium peroxide was 
determined by titrating the 1 2 produced in the reaction, peroxy-oxygen-iodide, with standard 
Na^SjOj. 

Samples of approximately 100 mg were dissolved in duplicate in 25 ml of 3 M HC10 4 
containing 2 g of Nal. After 2 hr at room temperature the iodine produced was titrated with 
0 I N Na 2 S 2 C >3 to the starch endpoint Examination of the absorption curve obtained with 
a Carey Model 11M spectrophotometer confirmed that the neptunium was in the (IV) 
valence state at the endpoint 

The titrated solution was then diluted in a volumetric flask and the neptunium con¬ 
centration was determined by alpha counting 

RESULTS AND DISCUSSION 

Preliminary studies showed that the neptunium(IV) peroxide precipitate was 
greyish purple and did not progress through the highly coloured, soluble peroxy 
complexes encountered in the precipitation of plutonium peroxide/ 3 * however, two 
crystalline forms of neptunium peroxide were prepared that were quite similar to 
the two forms of plutonium peroxide found under similar conditions / 41 The crystalline 
form found in solutions of low acidity (1 0 M HNO 3 ) was face-centered cubic 
(a = 17 A), while that formed at higher acidity (3-0 M HNO 3 ) was nearly identical 
with the hexagonal form of plutonium peroxide. The hexagonal form, when added to 
dilute solutions of nitric acid, was not converted to the cubic form. When the cubic 
form was added to solutions of high acidity, it was converted to the hexagonal form. 

The peroxy-oxygen to neptunium ratio m the two crystalline modifications was 

2- 9 for the cubic form and 3-3 for the hexagonal form, which compares to 3-04 and 

3- 34 reported for the two forms of plutonium peroxide/ 4 * 

The solubility of neptunium peroxide at 23°C varied as a function of the con¬ 
centration of nitric acid and hydrogen peroxide. Solubilities decreased with an inverse 
power dependence of approximately two on the concentration of hydrogen peroxide 
(Fig. 1). The solubility curve as a function of acid concentration divides into three 
parts (Fig. 2). In 0 08-0-5 M nitric acid, the solubilities were erratic but decreased 
with approximately an inverse first power dependence on acid concentration 
Between 1*0 and 2-5 M nitric acid the solubility varied comparatively little with acid 
concentration, while at acid concentrations greater than 3 M the solubility increased 
with an approximate fourth power dependence. 

<» R. E. Connick and W. H. McVey, J. Amer. Chem. Soc. 71, 1534-42 (1949). 

< 4 > J. A. Leary, Report, LA-1913 (1954). 
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Ficf 1 —Solubility of neptunium peroxide as a function of hydrogen peroxide 

concentration 
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Fio. 2.—Solubility of neptunium peroxide as a function of nitric acid 
concentration. 
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Solubilities were reproducible only at add concentrations greater than 2-5 M 
In the range of 3-5 M acid the experimental data can be fitted reasonably well with 
the expression: 


S = 9-93 


[H+]< 

[H 2 02P 


where S is the neptunium concentration in mg per litre, and hydrogen ion and 
hydrogen peroxide are expressed in molar concentration. In fact, the fit obtained 
was much better than expected since activity coefficients were not considered. 

A comparison of experimental and calculated solubilities is shown in Table 1 . 


Table 1. —Solubility of neptunium peroxide at 23°C 


HNOj (M) 

HjOi (M) 

Solubility (mg/1.) 

Experimental 

Calculated 

2 6 

4 6 

30 

21 

3 1 

4-6 

46 

43 

3 6 

4 6 

72 

79 

3-8 

4 6 . 

108 

98 

4-7 

4 6 

218 

229 

5 0 

4-6 

282 

293 

25 

1 8 

113 

120 

2 5 

28 

54 

49 

2-5 

3 7 

32 

28 

2-5 

4 7 

21 

18 

2-5 

6-5 

11 

9 


The solubility data shown in Fig. 2 in the acid range 0-1-2 5 M are minimum 
values. Experimental solubilities in this range were erratic and often were two or 
three times greater than the values shown The failure to obtain reproducible results 
may have been due to the presence of mixtures of oxidation states of neptunium, 
mixtures of the crystalline forms of the peroxide precipitate, or to variations in the 
composition of the crystals. 

Acknowledgement—The authors wish to thank W. R. Cornman for the X-ray diffraction 
studies, and R. M Wallace for helpful advice and suggestions. 
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A STUDY OF TRANSFERENCE AND SOLVATION 
PHENOMENA—VII 

A DETERMINATION OF TRUE TRANSFERENCE NUMBERS AND' , 
RELATIVE SOLVATION NUMBERS IN MIXED SOLVENTS 

J. O. Wear and E. S. Amis 

Department of Chemistry, University of Arkansas, Fayetteville, Arkansas 
(Received 6 October 1961; in revised form 12 December 1961) 

This paper is a part of the programme of study of transference and solvation 
phenomena carried out by Amis and co-workers**-6> in water, water-ethanol and 
ethanol solvents. The present paper is the first attempt at making a semi-theoretical 
use of the accumulated data. 

Since true transference numbers are used in electrochemical calculations, it 
seemed to be important to obtain true transference numbers in mixed solvents. 
A logical approach appeared to be the method used by Washburn* 7 * for determining 
true transference numbers in aqueous solutions. 

Washburn’s equation is: 


T-r = AN F ^ (1) 

"•ol 

where T and t are true and Hittorf transference numbers, respectively, AjV,„, is the 
moles of solvent transferred per faraday, n, the equivalents of solute in n, o] moles of 
solvent. By using the relations: 

AN F i = ^* a n dniol = §2L (2) 

™wl M»ol 

where AG^, is the grammes of solvent transferred per faraday, g tol the grammes of 
solvent, and M toi the molecular weight of solvent, the following equation is obtained: 

T—t~ AGf 0l — (3) 

9 *>i 

whereby the true transference numbers may be obtained from Hittorf transference 
numbers without having a knowledge of the molecular weight of the solvent mixture. 

(1) D. M. Mathews, J. O. Wear and E. S. Amis, J. Inorg. Nucl. Chem. 13, 298 (1960). 

21 W. V. Childs and E. S. Amis, J. Inorg. Nucl. Chem. 16, 114 (1960). 

3 Wear, C. V. McNully and E. S. Amis, J. Inorg. Nucl. Chem. 18,48 (1961). 

| 4 ’ J O. Wear, C. V McNully and E. S. Amis, J. Inorg. Chem. 19, 278 (1961). 

; J Wear, C, V. McNully and E. S. Amis, /. Inorg. Nucl. Chem. 20, 100 (1961). 

<7 l ° Wear ’ J ' T - Curtis . J*- and E. S. Amis, J. Inorg. Nucl. Chem. 24, 93 (1962). 

E - W. Washburn, J. Amer. Chem. Soc. 31, 322 (1909). 
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With true transference numbers the following two relations can be written for a 
two component solvent, A+B : 

AG^ 0 iia = M (i0l)A Nl 0])A T — M (, 0 ]) A N ( toi ) A T* (4) 

AGf o( = [M (S0 | )A /V( S0 1) A + ^(soIiB-^joDb] T q — [•^(so1)A'^(so1)A"1''^(soI)B^' i 7so1)b] T“ (5) 

where AG ( f soI)a and AG F , represent the grammes of solvent A and grammes of total 
solvent, respectively, transferred from the anode to the cathode per faraday. Af (iol)A 
and JW (sol)B the molecular weights of solvent components A and B, respectively 
A* ( °, oI)A and AlgoDB the moles of solvent components A and B solvating the cation, 
respectively A' ( “ o!)a and /V ( a 5onB the moles of solvent components A and B solvating 
the anion, respectively and T c and T* the true transference numbers of the anion 
and the cation. 

Equation (4) is the same equation obtained for a pure solvent and can be written 
as 

aa f o1)a = A^ 0l)A r c -JVk, 1)A r* ( 6) 

where AA ( f o1)a is the number of moles of solvent A transferred from the anode to the 
cathode per faraday. Equation (6) has an infinite number of solutions, but these can 
be readily reduced with the assumption that A ( ^ nA and /V ( “ o1)a must be integers and 
by placing upper and lower limits on A£ o1)a and A ,a onA 

If nothing is known of the system as far as the solvation, which is usually the case, 
the lower limit must be assumed to be zero. Now the upper limit will be the maximum 
possible number of molecules of solvent A that could solvate one ion assuming the 
other ion is not solvated by solvent A The total number of moles of solvent \ 
solvating the ions must not exceed the number of moles of solvent component A in 
the solvent This leads to the relation 


^(so 1 )A + A'(ioI)a = 


N, 


(sol) A 




(7) 


where A* ( , o1)a is the total moles of solvent A in the solution and n i is the equivalent 
of solute. With these restrictions Equation (7) can be programmed and solved for 
all possible solutions in the integers, provided one has the necessary transference and . 
solvation data. 

Equation (5) can be expanded and Equation (4) substituted into it to obtain the 
following equation 


AGL-AGf, 


{sol) A 


M, 


(sol)B 


— /V c T c — W a T a 
~ J Miol)B a iN (sol)B J 


( 8 ) 


Equation (8) has the same form as Equation (7) and can be solved in the same manner 
In the present paper true transference numbers in water, and water-ethanol are 
calculated for LiCl, NaCl, and KC1. Also relative solvation is calculated for NaCI 
and KC1 in water and LiCl in water-ethanol. 


EXPERIMENTAL 

All data for the NaCl and KC1 calculations are from the literature* 4 ’ 5) as well as a 
portion of the LiCl data,* 31 The LiCl data presented here was obtained as described in a 
previous paper (1) 
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RESULTS AND DISCUSSION, 

True transference numbers were calculated by the use of Equation (3) which 
nermitted their calculation in mixed solvents. The results of the calculations for 
LlC l NaCl, and KC1 are recorded in Tables 1-3. Solvation data to be used in other 
calculations are also included in these tables. 

/ 11 

Table 1.—True transference numbers and moles of water transported from ' 
THE ANODE TO THE CATHODE FOR NaCl 


EtOH 

<%) 

Concentration 
(Moles per 1000 g 

of solution) T e 

AWgjo 

0 

0 1519 

0-389 

-0-80 

0 

01863 

0-393 

06 6 

0 

0-2195 

0-400 

0-66 

0 

0-3435 

0-380 

11 

0 

0 3435 

0-381 

1-1 

0 

0*4891 

0-382 

1-4 

0 

0-4891 

0-377 

2-0 

12 

0 1826 

0-396 


12 

0 1870 

0-409 


25 

0 1875 

0 445 


25 

0-1875 

0-440 


32 

0-1889 

0 413 


40 

0-1872 

0-407 


40 

0-1872 

0-398 


55 

0 1879 

0-404 


55 

0 1879 

0-372 


63 

0 1914 

0-398 


63 

0 1914 

0-386 


71 

0 1886 

0-417 


71 

0 1886 

0-418 



The values for NaCl and KCi in water agree reasonably well with the work of 
Washburn and Millard.W 

The data for the transference number and grammes of ethanol transferred from 
anode to cathode per faraday at various weights per cent ethanol for LiCl are 
recorded in Table 4. With this data and interpolated values of grammes of solvent 
transferred from the anode to the cathode per faraday from previous work, 0 * 
Equations (4) and (8) can be applied. These calculations were made on an I.B.M. 
650 computor. : 

From error analysis a per cent of error of ±25 per cent was placed data. 

In Table 5 are tabulated the maxima and minima values for moles of water or 
ethanol per anion and cation in the various ethanol mixtures. The trends indicated 
in this table are in agreement with each other and what is expected, except for the 
maximum number of moles of water around the anion. Either the value at 80wt. 
per cent ethanol is too low or the value at 90 wt. per cent ethanol is too high. 

By looking at Table 5 it can be seen that the maxima and minima number of 
moles of water on the cation and anion decrease or remain about the same with 

(8i E W. Washburn and E. B. Millard, /. Anar. Chem. Soc. 37, 694 (1915). 
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decrease in per cent water in the solvent. The maxima and minima number of moles 
of ethanol on the cation and anion increase or remain about the same with increasing 
weight per cent ethanol. 

Table 2.— True transference numbers and moles of water transported from 

THE ANODE TO THE CATHODE FOR KC1 


EtOH 

(7c) 

Concentration 
(Moles per 1000 g 

of solution) T c 

AA&o 

0 

01004 

0-485 

—2-4 

0 

0-1559 

0-478 

—0-67 

0 

0-1559 

0-494 

—1-1 

0 

0-1786 

0-495 

0-22 

0 

0-1786 

0-487 

0-03 

0 

0-3624 

0-491 

1-4 

0 

0-4870 

0-465 

1-3 

0 

0-4870 

0-465 

0-96 

10-9 

0-1432 

0-501 


10 9 

0 1519 

0-516 


10-9 

0 1522 

0-499 


24-8 

0 1456 

0 494 


24-8 

0-1529 

0-507 


441 

0-1522 

0-508 


44 1 

0 1547 

0-519 


53-6 

0 1589 

0-462 


53-6 

0-1589 

0-453 


53-6 

0 1538 

0-479 


74-3 

0 1564 

0-490 


74-3 

0 1564 

0-501 



Table 3. —True transference numbers for LiCl 



Concentration 


EtOH 

(Moles per 100 g 


(%) 

of solution) 

T c 

26-8 

0-3282 

0-320 

26-8 

0-4771 

0-319 

26-8 

0-4771 

0-316 

55-0 

0 3723 

0-342 

55 0 

0-4271 

0-288 

55-0 

0-4271 

nn nM" 11 

68-9 

0-3524 

0-349 

68-9 

0-3811 

0-333 

79-5 

0-3801 

0-318 

79-5 

0-3801 

0-317 

84-5 

0-3645 

0-345 

84-5 

0-3645 

0-333 

84-5 

0-4320 

0-302 

84-5 

0-4320 

0-296 

94-0 

0-2476 

0-349 

94-0 

0-3651 

0-352 
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T able 4.—Transference and solvation data on LiCl in ethanol—water solvents* 


p\ 

1-44626 

1 -54548 

1-33518 

p? 

1-50605 

1-61162 

1 -39199 

dl 

0-978688 

0-975162 

0-977538 

df 

0-977604 

0-985370 

i 0-978155 

W t. 

19-1136 

19-0909 

13-7056 


25-3743 

12-5290 

14-4959 


95-5335 

111 -2830 

99-7882 

Wf 

119-4109 

135-0483 

109-2932 

p* 

1 erf 

11-08590 

13-83623 

12-34429 

fZ 

14-67583 

7-38109 

11-98948 

r>l 

58-0000 

79-92813 

89-8765 

pm 

57-8373 

79-55942 

90-3958 

N* x 10* 

3-411 

3-645 

3 146 

N m x 10* 

3-552 

3-801 

3 283 

W 

182 9750 

174-4057 

169-7400 

K 

180-3287 

171 7003 

167-4737 

Fx 103 

8-146 

8-954 

7-467 

t 

0-322 

0 309 

0 315 

t 

0-678 

0 691 

0-685 

ag e»oh 

- 62-0 

- 89-0 

129-0 


* Symbols are as previousley used (1). 


Table 5 —Maximum and minimum values for moles of water and ethanol solvation 
of cations and anions of LiCl in various weights per cent of ethanol 


Weight per cent 
ethanol 

58 

80 

90 

LiCl Moles per 
1000 g of 
solution 

0-3552 

0-3801 

0-3283 

A^o (max) 

50 

28 

8 

Nh.o (max) 

18 

4 

10 

^H.o ( min ) 

11 

15 

0 

(VJi.o (min) 

0 

0 

5 

N^qh (max) 

22 

29 

43 

^EtOH (max) 

13 

17 

17 

N itOH (mi") 

0 

0 

7 

^EtOH (min) 

2 

3 

0 


lii order to eliminate some of the possible calculations it has been assumed that 
solvation, especially in water, occurs in multiples of four. This is reasonable since 
•lie primary solvation of the lithium ion is four molecules in both water®* and 

l9) O Ya. Samoilov, Izvest. Akad. Nauk. S.S.S.R. Otdel Khim, Nauk. 398 (1952). 
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ethanol* 10) and the primary solvation of the chloride ion* 11 * is eight molecules of 
water. The hydrogen ion combines with four waters to form the pyramidal H 9 0 4 
complex stable up to 100°C.< 12 > Also it has been found that much hydration is a 
geometric build up on tetrahedrons.* ,3) The most common geometric build up 
appears to be a dodecahedron, which is five tetrahedrons. This appears on a sound 
basis since the structure of water is tetrahedral and secondary solvation is probably 
greatly influenced by water structure as well as electrostatics. On the assumption 
that solvation is in multiples of four Table 6 is made up, applying Equations (4) and 
(8) to pertinent transference and solvation data 

Table 6 shows the same trends as are shown in Table 5; therefore, no further 
discussion is needed 

In order to qualitatively study the hydration of the ions of sodium and potassuim 
chlorides, the following equations were solved on the I.B.M. 650 computer 

—0-80 ±0-1 = [0-389]JVh iO —[0-611]7V& |0 (9) 

Table 6.—Solutions to the following equations considering solvation in 

MULTIPLES OF FOUR AT 58 WEIGHT PER CENT ETHANOL FOR LlCl 


(1) 4 78 ± 1 -20 = Aft iO [0-331]-A£ >o l0 669] 

(2) -1 35 ±0 34 = N| tOH [0-331] -N| tOH f0-669] 


*5.0 

"HtO 

^EtOH 

^EtOH 

48 

16 

20 

12 

44 

16 

12 

8 

40 

12 

4 

4 

36 

12 

* 


32 

8 



28 

8 



24 

4 



20 

4 



16 

0 



12 

0 



Solutions to the following equations considering solvation in multiples 

four at 80 weight per cent ethanol for LlCl 

(1) 6 28 ±1-57 

= JV' tO [0 318]-AG >o [0 682] 

(2) -1-93 ±0-48 = 

iV|. OH [0-318]- 

A£ OH [0-682] 

w c 

^H|0 

^H.O 

X 

o 

004 

^EtOH 

24 

4 

28 

16 

24 

0 

20 

12 

20 

0 

12 

8 



4 

4 


uo > Q. Osaka, Bull. Chem. Soc. Japan 12, 177 (1937). 

(,1 > K. P. Mishchenko. Zh. Fiz. Khitn. 26, 1736 (1950). 

* ,2) M. Eigen and L. De Maever, Hydrogen Bond Structure, Proton Hydration, and Proton 
Transfer in Aqueous Solution in The Structure of Electrolytic Solutions (Edited b> 
W. J. Hamer), Chap. 5. J. Wiley, New York (1959). 

(13) Chem. Engng. News. 39, No. 7, 40 (1961). 
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Solutions to the following equations considering solvation in multiples of 
FOUR AT 90 WEIGHT PER CENT ETHANOL FOR LiCl 


(1) -4-00 ±1-00 - V* 4O I0'334]-A^ |O [0-666] 
(2) 2-80 ±0-70 = Ah <o [0-334]-/V* |O [0-666] 


^H.O 

^H.O 

^EtOH 

■^EtOH 

4 

8 

40 

16 



32 

12 



24 

8 



16 

4 



8 

0 


0-66±01 = [0-393]A£, o -[0-607]jV& tO 

(10) 

11 ±0*2 = [0-380] VA, o -[0-620]VA,o 

(11) 

l-7±0-2 = [0-380]V£ iO -[0'620]Vfi (O 

(12) 

~2-4±0-3 = [0-485]VS lO -[0-515]VA iO 

(13) 

—0-9i0-2 = [0-488]VS. o -[0-512]VA lO 

(14) 

l -4±0 2 = [0-491]VA, o -[0-509]VA iO 

(15) 

M ±0-2 - [0-465]V£, o -[0-535]VA iO 

(16) 


Equations (9) through (12) are for NaCl and the data for them are recorded in Table 1. 
In Table 2 are recorded the data for Equations (13) through (16) which are for KC1. 


Table 7.—Maximum and minimum values for moles of water hydrating cations 
and anions of NaCl and KC1 


NaCl moles pier 
1000 g of 
solution 

0-1519 

0 1863 

0-3435 

0-4891 

n h,o ( max ) 

224 

181 

102 

73 

n h,o ( n ^ x ) 

144 

116 

61 

42 

N n t o ( r ™ 0 ) 

1 

3 

3 

4 

n h,o ( min ) 

2 

1 

0 

0 

KC1 moles per 
1000 g of 
solution 

0-1004 

0-1559 

0-3624 

0-4870 

A£ <0 (max) 

283 

188 

74 

62 

n h,o O ™") 

271 

181 

69 

52 

N k t o On™) 

0 

0 

3 

2 

Mh.o ("“l 

5 

2 

0 

0 
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In Table 8 is tabulated the maxima and minima number of moles of water that 
could hydrate the cations and anions of KCI and NaCl at various salt concentrations. 
By comparing similar salt concentrations it can be seen that the sodium ion has a 
larger maximum than the potassium ion. It is also seen that the maxima for the 
potassium ion and chloride ion are about the same in KCI solutions, especially below 
0-2 moles per 1000 g of solution Looking at minima it can be seen that in the more 
dilute solutions the chloride ion can be more solvated than either the potassium or 
sodium ion. 

Using the same assumption of multiples of four as used in connection with 
Table 6, Tables 8 and 9 are justified. In Table 8 it is seen that the sodium ion always 
has more hydration than the chloride ion, which is what would be expected. 
There is also the indication that hydration is much greater in dilute solutions, which 
is also expected. <* 5) Also from Table 8 it can be seen that the hydration of the 
chloride ion might decrease faster than that of the sodium ion. 


Table 8.—Solutions to equations (7H10) considering hydration in multiples 

of four for NaCl 


Equation 7 8 9 10 


Cone, moles 
per 1000 g 

of solution 0 1519 0 1863 0-3435 0-4891 


*S.o 

"A.o 

"h.O 

^8,0 

224 

144 

156 

100 

180 

116 

144 

92 

136 

88 

88 

56 

92 

60 

76 

48 

48 

32 

20 

12 



8 

4 


*H.O 

*A.o 

n h,o 

"A.o 

88 

52 

44 

24 

68 

40 

24 

12 

36 

20 

4 

0 

16 

8 




From looking at Table 9 one can see that most probably the potassium and 
chloride ions have the same amount of hydration in solutions below 0 2 mole per 
1000 g of solution. This agrees well with other work.' 15 * At higher concentrations 
the potassium ion is more hydrated than the chloride ion which would be expected 
since t c decreases at 0-4870 mole per 1000 g of solution.' 4 ' 

The results obtained from Equations (3), (7) and (8) are significant and could 
be treated quantitatively if the data were more accurate. Two ways to make the data 
more accurate would be to use an ultraviolet lamp on the polarimetry, which can 
increase specific rotation, especially for colourless compounds,* 16 * and determine 
solvent composition with an interferometer. 

<i4> S. Glasstone, Textbook of Physical Chemistry, p. 921. Van Nostrand, New York (1948) 
'is* H. Ulich, A. Physik. Chem. A 168, 141 (1934). 

(is* C. Djerassi, Optical Rotatory Dispersion. McGraw-Hill, New York (1960). 
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Table 9.—Solutions to equations (UH14) considering hydration in multiples 

OF FOUR FOR KC1 


Equation 11 12 13 14 


Cone, moles 

per 1000 g > 

of solution 0 1004 0 1559 0-3624 0-4870 



jV H*0 



^ H t O 

*a.o 

^H,0 

N H t O 

280 

268 

128 

124 

44 

40 

48 

40 

276 

264 

124 

120 

40 

36 

44 

36 

224 

216 

120 

116 

36 

32 

16 

12 

220 

212 

116 

112 

32 

28 

12 

8 

216 

208 

44 

44 

28 

24 



212 

204 

40 

40 





208 

200 

36 

36 





156 

152 

32 

32 






152 148 

148 144 

144 140 

140 136 

88 88 

84 84 

80 80 

76 76 

72 72 

20 24 

16 20 

12 16 

8 12 

4 8 
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thf nature of zirconyl chloride in strong 

HYDROCHLORIC ACID: LIGHT SCATTERING! 

R. L. Angstadt and S. Y. Tyree 

Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 

(Received 25 September 1961; in revised form 15 December 1961) 

Abstract—The degree of aggregation of zirconyl ion in strong hydrochloric add solutions 
is estimated from light scattering data. The principle species in 2-800 M HQ is a trimer 
with a charge of plus three. In 0-750 M HQ the predominant spedes is apparently a hexamer 
with a charge between plus five and plus six. 

Other papers' 1 - 2 > have reviewed the early Literature concerning the hydrolysis and 
polymerization of zirconium(lV) in aqueous solution. More recently low angle X-ray 
studies on two molal zirconyl and hafnyl chlorides and bromides were carried out 
by Muha and Vaughn.' 3 * The assumption of the existence of a complex [M 4 (OH)g 
(H 2 0)i fi ]X 8 and construction of a model along the lines of the structure developed for 
the crystal' 4 5 * gave good agreement between the found and calculated intensities for 
the hafnyl halides. For the zirconyl halide solutions, however, the agreement was not 
so good. They suggest that more highly polymerized species might be present in the 
latter solutions. 

Ultra-centrifugation of 0-023-0-052 M zirconyl chloride in solutions 1 M in 
HC1 and 1 M in NaCl led Johnson and Kraus' 2 - s> to the conclusion that only one 
principle species, either a trimer or tetramer with a charge per zirconium atom of 
less than one, is present. At higher and lower acidities, 3 M HC1 and 0-1 M HC1, 
apparent degrees of polymerization of 2-2-6 and 4-5-4 respectively were indicated. 

In many respects the application of light scattering to the study of such systems 
parallels that of the ultracentrifuge. Recently we outlined a method' 6 * for applying 
the techniques of light scattering to the investigation of the polymerization in inorganic 
electrolytes. The equation relating the degree of polymerization of the zirconyl cation 
solute to the excess turbidity (the turbidity of the solution less that due to the solvent 
and the supporting electrolyte) is: 

1 _ Z' 2 M' 

Nz'~ t* 2(M 3 + M 5 ) (1) 

„„ 32000tcV 

h —JnF- 

t From a thesis submitted by R. L. Anqstadt to the Graduate School of the University 
of North Carolina in partial fulfillment of the requirements for the Ph.D. degree, 1961. 

I 11 R E- Connick and W. H. Reas, J. Amer. Chem. Soc. 73,1171 (1951). 

(2) J S. Johnson and K. A. Kraus, J. Amer. Chem. Soc. 78, 3937 (1956). 

3) G. M. Muha and P. A. Vaughn, /. Chem. Phys. 33,194 (1960). 

4) P. A. Vaughn and A. Clearfield, Acta Cryst. 9, 555 (1956). 

5 | K. A. Kraus and J. S. Johnson, J. Amer. Chem. Soc. 75, 5769 (1953). 

1 R. S. Tobias and S. Y. Tyree, Jr. J. Amer. Chem. Soc. 81, 6385 (1959). 


913 



914 


R. L. Angstadt and S. Y. Tyree 


M z ' — degree of polymerization 
<f> = volume fraction of solvent 
t* = excess turbidity 
n — refractive index of solution 
N = Avogadro’s number 
X = 435-8 ran 

M 3 = molar concentration of HC1 
M 5 = molar concentration of NaCl 
M' = molar concentration of zirconium 
Z' — charge/zirconium atom 

\j/' — differential refractive index of polymer/zirconium atom. 

It is necessary to correct \fi' for ionization since we are interested in characterizing 
only the polymeric component. It is assumed that \f/‘ for the polymeric component 
can be approximated by 
where 





z'M 3 / dn \ z’Mj / dn \ 
2(M 3 + M s ){dMl )~2{M 3 + M7)\8Ml) 


where 


(dk)(£Hm) 


are the measured differential refractive indices 


of zirconyl chloride, hydrochloric acid and sodium chloride respectively. 

The present study was conducted in rather high concentrations of HC1 to suppress 
any further hydrolysis of the zirconyl ion or to swamp out any increase in the acid 
concentration due to such hydrolysis. In addition, we sought to duplicate the condi¬ 
tions of the most recent previous investigations,' 2 > 3> so that a meaningful comparison 
could be made between previously reported results and those obtained from the light 
scattering data. 


EXPERIMENTAL 

Z 1 OCI 2 - 8 H 2 O obtained from the Titanium Alloy Manufacturing Division of the 
National Lead Company was purified by several recrystaUizations from aqueous HC1 
A stock solution of this material was prepared and was analysed for zirconium with EDTA 
utilizing a back titration with iron(IIl).< 7 > Chloride was determined potentiometrically 
The concentration of free acid present as HQ was taken as the difference between the 
molar chloride concentration and twice the molar zirconium concentration. 

Two series of solutions were prepared for study. In series (a) the total acid concentra¬ 
tion was held at [H + ] - 2-800 M, and the total chloride concentration [Cl - ] = 3-000 M, 
the difference between total chloride and that from both HC1 and ZrOCb being made up 
by NaQ. The zirconium concentration varied from 0-02224 M to 0-1001 M. In series 
(b) [H+] = 0-750 M, IQ-] = 1-000 M, and fZr(IV)] varied from 0-01112 M to 0 1112 M 

Refractive index increments were determined at 4358 A with a Brice-Phoenix differential 
refractometer calibrated with sucrose solutions.' 8 * 

< 7 > G. Schwarzenbach, Complexometric Titrations, p.74 Inter science, New York. (1957) 

(s> C. A. Brown and F. W. Zerban, Physical and Chemical Methods of Sugar Analysis 
(3rd Ed.), p. 1206. J, Wiley, New York (1941). 
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Measurements of the turbidity were made with unpolarized 4358 A light using a 
modified Brice photometer.**’ The photometer and cells were calibrated using reagent 
grade benzene dried over CaClj as the secondary standard. The value selected fOr the 
absolute turbidity of benzene is that of Kushner* 10 * and of Stamm and Button.*’ 1 * The 
calibration was checked by determining the molecular weight of raffinose. Value found: 
500 + 10; Calc, value: 504. 

RESULTS I ,l } 

The differential refractive indices determined in this investigation are given 
below. The differential refractive index of NaCl was determined in both 2-800 M HC1 
and in 0-750 M HC1. Actually An/A/ increments were measured and found to be 
constant over the concentration ranges covered. An/M values are assumed to be 
equal to the corresponding partial values. 



8-49 x 10 " 3 1. moles -1 


Series (a) 



9-29x 10" 3 1. moles " 1 


= 4-07 x 10 2 1. moles " 1 

dMj 

Series (b) 



10-05 xl0" 3 l. moles " 1 


( ) «= 4-04 x 10" 2 1. moles 1 

\ dM Zr/ 


The excess turbidities, t*, for the zirconyl chloride solutions are given in Table 1. 
The values tabulated are the resuli of drawing a smooth curve through experimental 
points (each of which is the average of several measurements) and reading smoothed 
values from the curve. 


Table 1.—Excess turbidities, t* 


Molar cone. 

Zr 

t* x 10 s (cm -1 ) 

Senes (a) 

Series (b) 

0-01112 


2 31 

0-02224 

2-23 

4-55 

0-03333 

3-34 

666 

0-04447 

4-51 

8-65 

0-05561 

5-63 

10-50 

0-06671 

6-61 

12-35 

0-07785 

7-66 

13-83 

0-1001 

9-56 

16-52 

0-1112 


17-8 


lVI A W. Graham, III. Dissertation, University of North Carolina (1954). 
" 0! L. M. Kushner, J. Opt. Soc. Amer. 44, 155 (1954). 
m *■ F. Stamm and P. A. Button, J. Ckem. Phys. 23, 2456 (1955). 
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The volume fractions, <p, for the two series of solutions was taken to be approxi¬ 
mately that in solutions 3-000 M and 1-000 M in HC1. The Handbook of Chemistry 
and Physics, lists the density of a solution 3 000 M in HC1 as 1-05 g/ml and that of 
a solution 1 000 M in HCI as somewhat less than 1 -02 g/ml. Assuming the partial 
molar volume of water in these solutions to be 18 -0 ml/mole this value would correspond 
to <(> = 0-93 and <f> — 0-97 for series (a) and series (b) respectively. 

The procedure followed in applying Equation (1) is to consider the charge z to 
be a parameter. A plot of l/jV x ' vs. M' is made for the various values assumed for 
T. The value of Z' for which 1 IN' is independent of Af' will be the correct value 
for the charge and the corresponding value of \/N z ' will yield the proper degree of 
polymerization. Figs. 1 and 2 are such plots for series (a) and series (b) respectively 
In 2-800 M HCI a value of Z' = 1-0 gives values of \jN z ' which appear to vary 
around 1 /N z ' = 0-33 independently of M'. The indication is then that the pre¬ 
dominant species in these solutions is a trimer with a total charge of plus three. In 
series (b) a value of Z' = 0-8 comes closest to determining a line of slope equal to 
zero for small values of M‘ and 1 jN 2 ' = 0-17. 
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DISCUSSION 

In evaluating the data two sources of error are important. First there is the 
difficulty of obtaining accurate light scattering data on such low molecular weight 
species. We estimate that the uncertainty in the turbidity of the solutions is less than 
5 per cent. The uncertainty is held so low by eliminating bad random errors through 
plots of x * vs. M ‘. , i 

The second possible source of error is introduced through the use of benzene'as 
a secondary standard in calibrating the light scattering photometer. The various 
values for the absolute turbidity of benzene have been discussed thoroughly by 
Carpenter and Krigbaum.< 12 > Using the highest value our values for l/N become 
0-31 and 0-16 for the (a) and (b) series respectively. 

Different values for the refractive index increments for both ZrOCl 2 a nd NaCl 
were found for series (a) and series (b). In the case of ZrOCl 2 the difference is within 
experimental error. It is not thought that the values for the differential refractive 
indices of NaCl in 0-750 M HC1 and 2-800 M HC1 differ by the amount reported. 
However, the error involved changes the value of \f/' in Equation (1) by no more 
than 1 per cent. 

In developing this treatment the assumption was made that the fluctuations in 
activity coefficients due to changes in ionic strength can be reduced by keeping the 
gegenion concentration constant and at a rather high level, ~ 3 M. This curvature 
of the lines in Fig. 2 is taken as an indication of the breaking down of this assumption 
for the higher zirconium concentrations when the gegenion concentration is held at 
a somewhat lower level. The lower the gegenion concentration: however, the more 
sensitive is the slope of the lines of the 1 /AT,' vs. M' plots to the value assumed for 
Z', and the more easily can the proper value of the charge be determined. 

The results of this investigation as to the degree of polymerization in acidic 
solutions of zirconyl chloride tend to reaffirm the conclusions of the more recent 
investigations in this area.* 2 - 3 - 5 - 14) In highly acidic solutions the number of zirconium 
atoms per aggregate is small. Compare the approximate degree of polymerization of 
three found in this work in solutions 2-8 M in HC1 and that of 2-2-6 in 3 M HC1 
reported by Kraus and Johnson. < 3 > As the acid concentration is lowered; however, 
there is a small, but very real, increase in polymerization. The value of six zirconium 
atoms per aggregate in solutions 0-75 M in HCl found in this work is somewhat higher 
than the trimers or tetramers reported by Johnson and Kraus for solutions 1 -0 M in 
HCl or even the 4-5-4 zirconium atoms per aggregate reported by these same investi¬ 
gators for solutions 0-1 M in HCl. 

The charge per zirconium atom in the systems studied here appears in both cases 
to be cither about or somewhat less than one. This also agrees well with the conclusions 
reached by Johnson and Kraus. 

Acknowledgement —The work reported herein was supported in part by a grant from the 
Titanium Alloy Manufacturing Division of the National Lead Company. 

I’ 2 ' D. K. Carpenter and W. R. Kriobaum, J . Chem . Phys . 24, 1041 (1956). 

R - S. Tobias, J . Chem . Educ. 35, 592 (1958). 

A. J. Zielen and R. E. Connick, J . Amer. Chem. Soc. 78, 5785 (1956). 
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METAL-DINITROGEN TETROXIDE REACTIONS IN 
ACETONITRILE AND DIMETHYLSULPHOXIDE 

D. K. Straub, H. H, Sisler and G. E. Ryschkewitsch 
Department of Chemistry, University of Florida, Gainesville, Florida 

(Received 24 November 1961) 

Abstract —Magnesium and bismuth react with dinitrogen tetroxide in acetonitrile solution 
to give acetonitrile adducts of magnesium and bismuth nitrates. With excess dinitrogen 
tetroxide, bismuth reacts to form a bismuth nitrate adduct which can be decomposed to 
give anhydrous bismuth nitrate. Many metals which do not react with dinitrogen tetroxide 
in acetonitrile do react in dimethylsulphoxide, probably as a consequence of the greater 
co-ordinating ability of dimethylsulphoxide toward both dinitrogen tetroxide and the 
metal cation formed in the reaction. Antimony gives a white, deliquescent substance having 
the composition expressed by the formula SbO(NO 3 ) (CH 3 ):SO, bismuth, a colourless 
crystalline substance with a composition expressed by the formula Bi(N 03 ) 3 ‘ 3 (CH 3 ) 2 S 0 , 
Molybdenum is oxidized to the +6 oxidation state, and a yellow crystalline compound of 
unknown structure having the unusual stoicheiometry 4 MoC> 3 - 5 (CH 3)280 is formed. Lead 
reacts readily to give lead nitrate. Aluminium, titanium, iron, nickel, chromium, tin, arsenic, 
silicon and selenium show little or no tendency to react with dinitrogen tetroxide in 
dimethylsulphoxide. 

In their work on the reaction of metals with dinitrogen tetroxide in various solvents, 
Addison and co-workers”’ 2> have found that the rate of reaction depends upon 
(I) the ionizing power of the solvent, (2) the donor properties of the solvent 
toward dinitrogen tetroxide, and (3) the co-ordinating ability of the solvent 
toward the metal ion formed in the reaction. 

A solvent with a high dielectric constant and strong donor properties favours the 
ionic dissociation of the tetroxide: N 2 O 4 ^ NO + -fNOj :< 3) and one with good 
co-ordinating ability solvates the metal cation (formed by oxidation of the metal by 
N0 + or N 2 O 4 ) adsorbed on the surface of the metal. This decreases the electrostatic 
attraction between the cation and the metal, and helps to remove the cation from the 
surface of the metal. In a comparison of the rates of reaction of copper metal with 
dinitrogen tetroxide in nitromethane and acetonitrile, Addison et a/. (1) found the 
rate to be greater in acetonitrile. Although these solvents have high and almost 
equal dielectric constants (approximately 37), acetonitrile solvates the Cu(II) formed, 
whereas nitromethane does not. 

It was of interest to us to investigate the reactions of dmitrogen tetroxide in 
acetonitrile with a number of metals whose ions might be expected to be solvated by 
acetonitrile. It was also of interest to investigate reactions in ethylene carbonate, 
a solvent of very high dielectric constant (89-6), probably with poor donor properties 
toward dinitrogen tetroxide, and poor co-ordinating ability to the metal ion, and 

( " C. C. Addison, J. C. Sheldon and N. Hodge, J. Chem. Soc. 3900 (1956). 

‘ 2I C. C. Addison and J. C. Sheldon, J. Chem. Soc. 1937 (1957). 

(3) J. D. S. Goulden and D. J. Millen, J. Chem. Soc. 2620 (1950). 

,4) R. F. Kempa and W. H. Lee, J. Chem. Soc. 100 (1961). 
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dimethylsulphoxide, a solvent of high dielectric constant (46),< 3 > with excellent donor 
properties toward dinitrogen tetroxide,* 6 * and with excellent co-ordinating ability 
toward metal ions. It was expected that metals would be most reactive with dinitrogen 
tetroxide in dimethylsulphoxide. Of the metals tested, vanadium, cobalt, copper, 
molybdenum, cadmium, antimony, silver, bismuth, mercury and lead reacted with 
the dinitrogen tetroxide solutions in dimethylsulphoxide, whereas aluminium, 
titanium, iron, chromium, nickel, tin, arsenic, silicon and selenium showed little or 
no tendency to react. Some of the metals which reacted in dimethylsulphoxide 
(e.g. antimony, molybdenum, and lead) did not react in ethylene carbonate, despite 
its high dielectric constant, and further work with this solvent was discontinued 
This supports the belief that the co-ordinating ability of the solvent toward the metal 
ions formed is an important consideration. 

EXPERIMENTAL 

Materials 

The dimethylsulphoxide and ethylene carbonate were commercially obtained and were 
at least 99 per cent pure. All other solvents were reagent grade. The dinitrogen tetroxide 
was dried by passing it through a 30 cm tube packed with phosphorus(V) oxide and sand 
before use. The metals were reagent grade and in powder form. Care was taken throughout 
to avoid contamination by moisture. 

The infra-red spectra were obtained on a Perkin-Elmer Infracord from mulls prepared 
in both Nujol and hexachlorobutadiene. The X-ray diffraction powder patterns were 
obtained with a diffractometer using Ni-filtered Cu-Xa radiation 

Reactions in acetonitrile 

(a) Magnesium. A mixture of excess dinitrogen tetroxide, 0-5 g magnesium, and about 
15 ml acetonitrile was allowed to react at room temperature until complete solution of the 
metal had taken place. The colourless gum obtained after removal of nitrogen oxides and 
most of the acetonitrile under reduced pressure was treated with methylene chloride, stirred 
until the mass was completely broken up, and the methylene chloride removed under 
reduced pressure. A repetition of this treatment gave a white, deliquescent powder. The 
infra-red spectrum of this compound indicated an acetonitrile adduct of magnesium nitrate 
The acetonitrile was not removed by heating to 52° C and 1 0 mm for 20 hr The material 
still contained some acetonitrile after 20 hr at 100° C and 0-5 mm, but some decomposition 
had taken place. Anhydrous magnesium nitrate is, therefore, not conveniently prepared 
in this way. 

(b) Bismuth. A mixture of dinitrogen tetroxide, about 13 g bismuth (a stoicheiometric 
excess), and 20 ml acetonitrile was allowed to react at room temperature. After completion 
of the reaction, the viscous, deep green liquid was centrifuged to remove unreacted metal, 
then evaporated under reduced pressure. A frothy, white mass was formed. This was 
treated with methylene chloride and stirred until it was transformed into a heavy white 
powder. Most of the methylene chloride was removed by decantation. The deliquescent 
powder was dried in vacuo several hours at room temperature. 

(Found: C, 512; H, 0-96; N, 11-25. Calc, for Bi(NOj) 3 -CH 3 CN: C, 5 51; H, 0 69; 
N, 12-85%.) 

Five grammes of bismuth in 15 ml acetonitrile was treated with a large excess of 
dinitrogen tetroxide. The reaction was allowed to proceed for 48 hr with occasional stirring 
After about 24 hr fine, needle-hke crystals had formed in the solution. The liquid was 
decanted, and the large amount of precipitate dried in vacuo for 2 hr at room temperature 
A deep yellow, highly deliquescent, crystalline mass was obtained, (Found: C, 1 - 34 . 
H, 0-88; N, 11-24. Calc forBi(NO 3 ) 3 0-25 N 2 O«0-25CH 3 CN:C, 1 -40;H,0-18; N, 12-15%) 

i5> H. L. Schafer and W. Schaffernicht, Angew. Chem. 72, 618 (1960), 

161 C. C. Addison and J. C. Sheldon, J. Chem. Soc. 2705 (1956), 
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The compound, when kept at 100° C and 0-5 mm for 40 hr gave white, anhydrous 
bismuth nitrate. (Found: Si, 52-40; N, 10-35. Calc, for Bi(N0 3 ) 3 : Bi, 52-91; N, 10-63%.) 
Principle lines in the X-ray powder pattern of this substance occurred at 3-40, 3-10, 2-85, 
2 70 , 2-55, 2-37, 2-19, 2-11, 1-78 and 1-69. The infra-red spectrum showed peaks at 2290, 
1275,1025 (shoulder), 990, 795 (shoulder) and 735 cm-’. 


Reactions in dlmethylsulphoxide t 

(a) Antimony. A mixture of excess dinitrogen tetroxide, 5 g antimony and 15 ml of 
dlmethylsulphoxide was allowed to react at room temperature. After the reaction had 
gone to completion, the remaining nitrogen oxides were removed under reduced pressure, 
and a little dimethylsulphoxide was added to dissolve the residue. A small amount of an 
insoluble impurity was removed by centrifugation. Addition of a 4:1 mixture of methylene 
chloride and carbon tetrachloride precipitated a white solid. This was collected, washed 
with methylene chloride, and dried in vacuo for 1 hr at room temperature. The substance 
is highly deliquescent. (Found: C, 8 62; H, 2-33; N, 4-83; Sb, 43-6. Calc, for SbONOr 
(CH 3 ) 2 SO: C, 8-63; H, 2-16; N, 5-04; Sb, 43-8%.) The infra-red spectrum showed peaks 
at 1370, ca. 1050 (shoulder), ca. 1010 (broad), ca. 930 (broad), 835 and 720 cm -1 . 

(b) Bismuth. Five grammes of bismuth in 10 ml of dlmethylsulphoxide was treated 
with dmitrogen tetroxide at room temperature for about 24 hr. The bismuth was in excess. 
After removal of unreacted metal, about 10 ml of acetonitrile was added to the clear, almost 
colourless syrup; then a 4:1 mixture of methylene chloride and carbon tetrachloride was 
added. Upon standing, large colourless crystals were deposited from the solution. These 
were removed, washed with a very little acetonitrile (in which the crystals are quite soluble), 
then dried in vacuo at room temperature for 1 hr. (Found: C, 11-57; H, 2-77; N, 6-85. 
Calc for Bi(NOj) 3 -3(CH 3 ) 2 SO: C, 11 -45; H, 2-86; N, 6-68%.) 

(c) Molybdenum. Five grammes of molybdenum was treated with excess dinitrogen 
tetroxide in about 15 ml of dlmethylsulphoxide at room temperature until it had completely 
dissolved The nitrogen oxides were removed under reduced pressure. The semi-solid 
residue was collected, washed with dimethylsulphoxide, then dissolved in a large quantity 
of hot acetonitrile. The acetonitrile solution was filtered and evaporated to a small volume 
under reduced pressure. Small, transparent yellow, irregularly formed crystals appeared. 
These were collected and dried in vacuo for 30 mm at room temperature. (Found: C, 12-44; 
H, 2 82; Mo, 40-0 Calc, for 4Mo0 3 5(CH 3 ) 2 SO: C, 12 44; H, 315; Mo, 39-8%.) The 
molybdenum was determined gravimetrically as lead molybdate.. All of the molybdenum is 
present in the +6 oxidation state It melts to a frothy liquid at 163-165° C; at 204° C the 
yellow-orange liquid becomes deep green (reduction of Mo(Vl) by dimethylsulphoxide) and 
at about 220° C it chars. 

The infra-red spectrum of this compound had a peak at 1035 cm -1 and a shoulder at 
about 1000 cm -1 in the S-O stretching region. 

(d) Lead. An excess of lead, about 1 g, was allowed to react with dinitrogen tetroxide 
m 20 ml dimethylsulphoxide at room temperature for 24 hr. The excess of unreacted metal 
was removed, and methylene chloride was added to the solution. The oil which initially 
precipitated quickly solidified, giving white crystals. These were washed with methylene 
chloride and dried in vacuo at room temperature for 2 hr. 

The infra-red spectrum of a hexachlorobutadiene mull of this compound showed no 
CH peaks. The X-ray powder pattern of the solid indicated that it was pure lead(II) nitrate. 

Other reactions in dimethylsulphoxide 

The reactivities of a number of additional metals toward dinitrogen tetroxide in 
imethylsulphoxide were investigated by allowing about 0-1 g samples of the powdered 
? et ~ s t0 react with 3 ml portions of a dimethylsulphoxide solution of dinitrogen tetroxide 
or 24 hr at room temperature. Reaction took place with vanadium, cobalt, copper, cadmium, 
si ver and mercury. Aluminium, titanium, chromium, iron, nickel, tin, arsenic, silicon and 
selenium did not react. 
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Reactions in ethylene carbonate 

A mixture of about 0-1 g powdered antimony and 3 ml of a solution of dinitrogen 
tetroxide in ethylene carbonate was allowed to stand for 24 hr. At the end of this time, no 
reaction had taken place. Similarly, it was found that molybdenum and lead do not react 
with dinitrogen tetroxide in this solvent. 

DISCUSSION 

Reaction between magnesium and dinitrogen tetroxide in acetonitrile takes place 
readily. The product is an acetonitrile adduct of magnesium nitrate. It is very 
difficult to remove the acetonitrile and attempts to obtain anhydrous magnesium 
nitrate from the adduct were unsuccessful. 

Bismuth exhibits very interesting behaviour toward dinitrogen tetroxide in 
acetonitrile. The products of the reaction depends upon which reactant is in excess 
With excess bismuth, an acetonitrile adduct of bismuth(IIl) nitrate is formed, 
Bi(N 03 ) 3 'CH 3 CN. However, when the dinitrogen tetroxide is in excess, a deliquescent, 
yellow crystalline product which is an adduct of bismuth(HI) nitrate with dinitrogen 
tetroxide and acetonitrile is obtained. The dinitrogen tetroxide does not appear to 
be attached very strongly to the bismuth nitrate, since, upon solution in acetonitrile 
(in which the compound is very soluble), an appreciable vapour-pressure of N 2 C >4 
or N0 2 is produced above the solution. 

When the above adduct is kept at 100° C in vacuo for 40 hr, white, anhydrous 
bismuth(III) nitrate is obtained. The nitrate and bismuth appear to be covalently 
bonded rather than existing as 10 ns, since the infra-red spectrum has peaks at about 
2290 (a combination band), 1275 (of —ONO 2 ), 1025 (shoulder), 990 (both due to 
V 2 of —ON0 2 , which is usually split), 795 (V 6 of —ON0 2 ), 755 and 735 cm " 1 
(Vi and V 5 of — 0N0 2 ).< 71 The X-ray powder pattern of the material indicates the 
absence of B 12 O 3 . 

Several metals which show little or no reaction with dinitrogen tetroxide in 
acetonitrile react readily in dimethylsulphoxide. Among these metals are lead, 
molybdenum and antimony Dimethylsulphoxide appears to be the best solvent so 
far investigated for promoting reaction between dinitrogen tetroxide and metals 
This reasonably may be assumed to result from the strong co-ordination tendency of 
dimethylsulphoxide toward dinitrogen tetroxide which tends to enhance the tendency 
of dinitrogen tetroxide molecules to ionize to NO + and NO" 10 ns. The co-ordination 
reactions of dimethylsulphoxide toward various metal ions likewise favour this 
process. The final products usually contain co-ordinated dimethylsulphoxide 

It is interesting to compare the reactivities toward dinitrogen tetroxide of arsenic, 
antimony and bismuth in both acetonitrile and dimethylsulphoxide. Arsenic shows 
no reaction with dinitrogen tetroxide in either solvent, antimony reacts only in 
dimethylsulphoxide and bismuth reacts readily in both solvents. This is m accord 
with the order of increasing metallic character, viz. As < Sb < Bi. Another point 
of difference between antimony and bismuth concerns the final reaction product 
when the reaction is carried out in dimethylsulphoxide. Antimony gives the compound 
Sb 0 N 03 '(CHj) 2 S 0 . The infra-red spectrum of this compound shows co-ordinated 
sulphoxide (broad band about 1010 cm -1 ) and free nitrate (bands at 720 cm -1 , 
835 cm -1 , 1370 cm -1 and shoulder at about 1050 cm -1 , due to the V 4 , V 2 , Vj an£i 
V t vibration modes, respectively).* 7 * Bismuth, however, gives the compound 
<7 > C. C, Addison and B. M. Gatehouse, /. Chem. Soc. 613 (1960). 
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Bi( N 0 3 ) 3 -3(CH 3 ) 2 S0.* The formation of an oxynitrate in the case of antimony, and 
the normal nitrate in the case of bismuth, is in keeping with the lesser metallic character 
of antimony than of bismuth. 

Molybdenum reacts readily with dinitrogen tetroxide in dimethyisulphoxide, and 
is completely oxidized to the +6 state. From the reaction mixture a yellow crystalline 
compound can be isolated which has the unusual stoicheiometry, 4Mo0 3 •5(CH 3 ) |2 SO. 
This compound is very slightly soluble in acetonitrile. Its infra-red spectrum shows 

co-ordinated sulphoxide. 

Lead reacts readily in dimethyisulphoxide to form lead nitrate, which is probably 
solvated in dimethyisulphoxide solution, but is precipitated as the unsolvated 
compound. 

Acknowledgements —This work was supported in part by the Office of Naval Research 
through a contract with the University of Florida Thanks are due to Mr. P. Morrisett 
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♦The physical properties and structure of this compound, prepared by a different 
route, will be given in a later paper. 
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Reductive carbonylation synthesis of metal carbonyls—VI 
A sodium-na phthal ene complex route to Groqi VI-B metal carbonyls' 1 > 

(Received 2 November 1961) 

Recent publications have described the use of sodium metal as a reducing agent for the 
preparation of chromium hexacarbonyl in the presence of complexing solvents, such as 
pyridine and diglyme.* 2 ' 31 However, it has not been known heretofore that the alkali metal 
complexes with aromatic hydrocarbons might similarly be capable of the synthesis of 
Group VI-B metal carbonyls. We now wish to report a demonstration of the usefulness of 
such complexes m the synthesis of chromium carbonyl. 

The general technique employed has been previously described.* 31 A mixture of 0 020 
mole of anhydrous CrClj and 120 ml of a diglyme solution containing 012 mole of a 111 
sodium-naphthalene complex (prepared from 8 ml of a 40 per cent dispersion of sodium in 
Nujol and 16 4 g naphthalene) was added at 25° to a 1:1. Parr autoclave. The autoclave was 
sealed and pressurized to 3500 p.s.i. with carbon monoxide. After being stirred for 18 hr 
the reaction mixture was quenched and hydrolised with 6 M HQ, and steam distilled. 
A 10 per cent yield of chromium carbonyl was recovered. When the same quantities of 
reactants were heated during the reaction period, lower yields of chromium carbonyl were 
obtained For example, a 3 per cent yield of chromium carbonyl resulted at a reaction 
temperature of 100°. 

It is felt that the yield of Group VI-B metal carbonyl obtained through this alkali 
metal-aromatic hydrocarbon complex route could be considerably improved. The complexes 
appear to have two important advantages in carbonylation reactions. One is that the 
reducing agent may be handled in solution and pumped into the metal salt-carbon monoxide 
solution Alkali metals, on the other hand, are difficult to pump under pressure. Also, 
the use of metal-hydrocarbon complexes allows the reagent to be mixed at room temperature 
without excessive reduction of metal salt to free metal 

The actual reducing agent in the subject experiments is probably the naphthalene radical 
carbanion of Na + , 



and not Na°, as might be indicated by the work of Paul et a/.* 41 on the sodium complexes. 
It is to be expected that the naphthalene carbanion, on oxidation, would yield naphthalene, 
which could be recycled. In the presence of diglyme as a solvent the probable intermediate 
1S 2[(diglyme) 2 Na]+ [Cr(CO) 5 ]'- 2 . 

01 This constitutes paper VI in the series, “Reductive Carbonylation Synthesis of Metal 
Carbonyls”. For paper V, see H. E. Podall and A. P. Giraitis, J. Org. Chem. 26. 2587 
(1961). 

(JI A ' N - Nesmeyanov, E. P. Mikheev, K. N Anisimov and N. P. Filimonova, Russ.J. 
Inorg. Chem. 4, 889 (1959). 

i 4 i ^ E ' PoDALL > H - B - PREstridge and H. Shapiro, J. Amer. Chem. Soc. 83, 2057 (1961). 
lT E Paul, D. Lipkin and S. I. Weisman, J. Amer. Chem. Soc. 78, 116 (1956). 
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Notes 


Presumably, other polycyclic aromatic hydrocarbons could be used to complex the 
alkali metal instead of naphthalene, such as biphenyl, anthracene, or phenanthrene. Also, 
other hydrocarbon, amine, and ether solvents in which the metal-hydrocarbon complex is 
soluble, such as toluene, pyridine, dimethyl ether, tetrahydrofuran, and amsole, should 
be useful instead of diglyme 

Hymin Shapiro 
H. E. Podall* 

Research and Development Department 
Ethyl Corporation 
Baton Rouge, La 


* Present address: Melpar, Inc., Physical Sciences Laboratory, Falls Church, Virginia 


Preparation and structure of ruthenium tetracarbonyldiiodide 

(Received 17 November 1961) 

Although iron tetracarbonyldiiodide* 1 ■*• 3 > and osmium tetracarbonyldiiodide 14 ) have been 
prepared and characterised, the analagous ruthenium compound has not been previously 
reported. In fact no tetracarbonyldihalides of ruthenium have been reported to date,*' 1 but 
it has been pointed out* 9 ' 10 - n> that ruthenium rfi-carbonyldiiodide combines with o-bonding 
nitrogen bases and ^-bonding ligands to form substituted derivatives of the hitherto unknown 
ruthenium tetracarbonyldiiodide. 

We have isolated ruthenium tetracarbonyldiiodide from reactions undertaken to 
prepare triruthenium dodecacarbonyl for single crystal structure analysis.*’*' n > A mixture 
of ruthenium trnodide powder and finely divided copper was placed m a glass liner which 
was sealed in a copper gasketed stainless steel autoclave. The autoclave was pressurized to 
about 200 atmospheres with carbon monoxide, and heated to 170° for 24 hr. Prior to the 
reaction the copper powder was cleaned of oxide film by washing with dilute hydrochloric 
acid, followed by drying with acetone. After the reaction with carbon monoxide, the 
ruthenium tetracarbonyldiiodide was isolated by sublimation. 

Ruthenium tetracarbonyldiiodide forms golden yellow crystals which are soluble in 
non-polar organic solvents The crystals sublime at 126° at atmospheric pressure, at 
temperatures above 140° the crystals decompose. Elemental analysis;* 14 * found: Ru, 20 9“„, 
C, 11-3%; I, 53-2%; calculated for Ru(CO)iI 2 . Ru, 21-65%; C, 10 3%; I, 54 4%. 

The infra-red spectrum of this compound was taken with a Perkin-Elmer Model 112 
single beam double pass spectrometer equipped with a calcium fluoride prism The sample 
was studied as a saturated solution in carbontetrachlonde in a 0-1 mm cell Five peaks 

*0 W. Hieber and G. Bader, Ber. Dtsch. Chem. Ges. 61, 1717 (1928), Z. anorg. u. allgem 
Chem. 190, 193, 215 (1930); 201, 329 (1931). 

(*» W. Hieber, Z. Elektrochem. 43, 390 (1937), 

< 3) W. Hieber and H. Lagally, Z. Anorg, Chem. 245, 295, 305 (1940). 

< 4 > W. Hieber and H. Stallman, Ber. Dtsch. Chem. Ges. 75 B, 1472 (1942). 

* 3 * Ru(CO)iX 2 (X = Cl, Br, I) 6 - 7 and Ru(CO)Br* have been prepared. 

<*> W. Manchot and J. K6nig, Ber. Dtsch. Chem. Ges. 57, 2130 (1924). 

* 7 * W. Manchot and W. J. Manchot, Z. Anorg. Chem. 226, 385 (1936). 

<«) W. Manchot and E. Enk, Ber. Dtsch. Chem. Ges. 63, 1635 (1930). 

*» R. J. Irving, J. Chem. Soc. 2879 (1956). 

< 10 > W. Hieber and H. Heusinger, J. Inorg. Nucl. Chem. 4, 179 (1957). 

< n > H. J. Emelius and J. S. Anderson, “Modem Aspects of Inorganic Chemistry”, 266. 

Van Nostrand, Princeton, New Jersey, 1960. 

* 12) E. R. Corey and L. F. Dahl, J. Amer. Chem. Soc. 03, 2203 (1961). 

* 13) L. F. Dahl, E. R. Corey and E. R. deGil, to be published. 

* 14> Analysis performed by Schwarzkopf Micfoanalytical Laboratory, New York. 
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were observed in the carbonyl stretching region: 2068 cm - ’ (s), 2097 cm -1 (s), 2106 cm - * 
(vs) 2119 cm -1 (w), and 2161 cm -1 (m), and no significant absorption was observed in the 
' 000-1700 cm -1 region. This large number of peaks is inconsistent with a fra/w-configura- 
t, on for an octahedral monomeric complex of point group symmetry Dsk- However, the 
observed spectrum is not inconsistent with a cir-octahedral configuration of point group 
symmetry C 2 V . Four infra-red active CO stretching fundamentals are expected, ,if it is 
assumed that there is coupling between the stretching vibrations of the individual carbonyl 
groups; this coupling has been demonstrated in the spectra of analogous metal carbonyl 
compounds. 1 ' 51 The weak 2119 cm -1 band may be a combination band. 

Confirmation of the above infra-red interpretation in terms of a cis-octahedral con¬ 
figuration has been made by a single crystal X-ray investigation.* 161 Our results also are 
completely consistent with the proposed c/s-form for iron tetracarbonyldiiodide based on 
a dipole moment study.* 171 

Acknowledgement —We wish to thank the Petroleum Research Advisory Board (Fund 
No. 471 A) for financial support of this work and Professor W. F. Edgell for his advice 
concerning the interpretation of the infra-red spectrum. 

E. R. Corey 
M. V. Evans 

L. F. Dahl 

Department of Chemistry 
University of Wisconsin 
Madison 6, Wisconsin 

<i5) w. F. Edgell, private communication. 

us) L F. Dahl and D. L. Wampler, Acta Cryst. 15, (1962) 

<i7> w. Hieber and E. Weiss, Z. Anorg. Chem. 287, 223 (1956). 


Chemical effects of nuclear recoil: metal phthalocyanines 

{Received 12 October 1961; in revised form 7 December 1961) 

In a former paper*!' the retention in zinc, copper and cobalt phthalocyanines was related to 
the energy of the recoil atom in the radiative neutron capture reaction. The present paper 
gives some complementary information The retention is shown insensitive to ionizing 
radiation to which the crystals are exposed before neutron activation. The effect of the 
energy of the incident neutrons on the retention has also been investigated 

1 Effect of ionizing radiation 

Having shown that the phthalocyanines are inert towards radiation annealing,* 11 it 
seems interesting to observe the retention as a function of the dose absorbed on preirradia- 
tion The results are given m Tables 1 and 2. The samples were treated as previously described 
but before irradiation in the BR1 reactor at a flux of 2 x 10* 1 neutrons/cm 2 sec the samples 
were exposed to the y-rays of a cobalt source at a dose rate of 4-7 x 10 5 rads/hr. The data 
in Tables 1 and 2 show a negligible effect.* 

* While in the earlier work the retentions of 65 Zn and 6SI Zn in non pretreated crystalline 
zinc phthalocyanines were found to be 28 9 and 41 6 respectively, the present values are 
25 4 and 37 5. This slight discrepancy might be attributed to the fact that the present 
material is obtained from a different preparation, so involving small differences in the 
crystal size. Indeed, it has been emphasized already that the retention is influenced by the 
physical state of the material (see retentions m crystalline and powdered material).*!' To 
eliminate this source of error all samples should come from a same preparation. Corrections 
can, however, be applied when results from different scries of experiments have to be 
compared. 

(1) D . J. Apers and P. C. Catron, Symposium on the Chemical Effects of Nuclear Transforma- 
dons, I.A.E.A., Prague, October, 1960. 
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Table 1.—Preirradiation of zinc phthalocyanine 
Thermal neutron flux: 2 x 10 n /cm 2 sec. 

Fast neutron flux: 2 x 10 10 /cm 2 sec. 

Reactor Gamma flux: 3-5 x 10* rads/h. 
Temperature: below 50° C. 

Irradiation time: 24 hr. 


Dose in Mrads 

Ret. «Zn 

Ret. «Zn 

0 

25-4+0 7 

37-5+1-2 

47 

23-5+0 2 

36-8+0 9 

94 

25-6 ±0 1 

36-0 + 0-5 

23 5 

24 -3 ±1-1 

31-1+0-5 

47 0 

22-5 ±2-1 

32-1 ±3-0 

94 0 

21-410-5 

30-9±0 7 


Table 2. —Preirradiation of copper phthalocyanine 
Thermal neutron flux: 2 x 10"/cm J sec. 

Fast neutron flux. 2 x 10 I0 /cm 2 sec. 

Reactor Gamma flux: 3 5 x 10* rads/h. 
Temperature: below 50° C. 

Irradiation time: 24 hr. 


Dose in Mrads 

Ret 64 Cu 

0 

22-3 ±0-8 

4-7 

22 8 ±0-7 

9-4 

24-7 ±0-8 

23 5 

25 1 ± 1 -3 

47-0 

25 1 +0-4 

92-5 

24-0+0 6 


2 . Influence of the energy of the incident neutrons 

As no neutron velocity selector is available, it has only been possible to compare 
retentions in uncovered samples and in samples wrapped in cadmium foil. For these 
experiments an irradiation site was chosen which is rich in fast neutrons (near the heart of 
the reactor). (Table 3). Each result is the average of four experiments. 

Table 3.— Influence of neutron eneroy 
Irradiation in a water loop at the center of the reactor. 

Thermal neutron flux: 5 xl0 12 /cm 2 sec. 

Flux of neutrons from 1 e V to 1 MeV: 3-5 xl0 12 /cm 2 sec. 

Flux of neutrons above 1 MeV: 0 5 x 10' 2 /cm 2 sec. 

Reactor gamma flux: 10« rads/hr 
Temperature: 25° to 33° C. 


Irradiation 

time 

Uncovered 

Cadmium wrapped 

«Zn 

«»Zn 

«Zn 

«»Zn 

24 hours 

15 hours 

3 hours 

22-8 + 1-0 

22-7 + 1-9 
21-710-5 

29-5+1-3 

32 1 ±2-3 
33-111-9 

22-210-9 
19-8+3-2 

27- 811-7 
25-9+0 5 

28- 013-6 


From this table the following conclusions may be drawn: 

1. The irradiation time has no influence on either of the two zinc isotopes. 

2. It seems that, while «Zn is not affected, w Zn is slightly sensitive to the influence of 
the neutron energy, although the relatively large errors do not permit a certain 
conclusion. 
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One is thus inclined to suppose that the recoil of M Zn takes place in a different way on 
fast neutron irradiation. Indeed, a larger recoil energy could be caused by the de-excitation 
0 f the compound nucleus which is formed in a more energetic level. As a consequence of 
this interpretation, the «Zn recoil atom would be ejected over a longer distance and would 
be removed further away from the zone where recombination remains possible. 

This hypothesis is confirmed in some thermal annealing experiments. The results are 
given in Table 4 (a, b, c, d). 1 

Table 4. —Thermal annealing related to the neutron energy 

Same irradiation conditions as Table 3. 
a. Uncovered; annealing temperature 160° C. 


Heating time Ret. 65 Zn Ret. 6# Zn 


0 

21 1 

29 5 

3 hours 

22 '3 

33 0 

7 hours 

23-4 

35-3 

15 hours 

19-6 

31 2 

1 day 

22-9 

32-8 

3 days 

22-3 

31 -3 

4 days 

22-9 


10 days 

207 


11 days 

22-4 



b. Cadmium wrapped; annealing temperature 160° C. 


Heating time 

Ret. 65 Zn 

Ret. <*Zn 

0 

21 3 

27-5 

3 hours 

23-5 

28 4 

15 hours 

23 0 

29-4 

18 hours 

22-8 

27 2 

1 day 

21 -8 

29-2 

4 days 

24-0 


5 days 

227 


7 days 

23-5 


10 days 

20-9 


12 days 

22-4 



c. Uncovered; annealing temperature 308° C 


Heating time 

Ret, 6J Zn 

Ret. «Zn 

0 

24-1 

29-5 

5 hours 

26-6 

38-2 

1 day 

24-8 

32-7 

2 days 

23-9 


5 days 

19-8 

36-3 

7 days 

261 
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d. Cadmium wrapped; annealing temperature 308° C. 


Heating time 

Ret. 6J Zn 

Ret. «»Zn 

0 

23-2 

26-7 

5 hours 

26 5 

24-6 

1 day 

24-5 

27-6 

2 days 

19-2 

23 0 

5 days 

21-3 



It has already been observed that the retention of «Zn is not affected by thermal 
annealing after thermal neutron bombardment. This fact was explained by the considerable 
recoil energy of this isotope. It is violently ejected from its molecule and all return or re¬ 
combination becomes impossible For similar reasons 65 Zn, formed by fast neutron capture, 
does not undergo thermal annealing. 

D. J. Apfrs 
F. G. Deiehet 

B. S. VAN OUTRYVE D’YDEWALLE 
P. C Capron 

Institut Interuniversitaire des Sciences Nucteaires 
Centre de Physique NucUaire 
Umversiti de Louvain, Belgium 


Preparations of nitrides and phosphides of rare-earth metals 

(Received 1 December 1961) 

Relatively pure nitrides and phosphides of the rare-earth metals have always been difficult 
to prepare in quantity Preparation of the nitrides usually necessitates the reaction of a gas 
with a solid, a reaction fraught with difficulties. The phosphides, prepared from the solid 
elements, often react explosively and thus shatter the sealed quartz tubes or react with or 
fuse to the quartz or other ceramic containers which may be used in metal bombs. The 
methods described below overcome many of these difficulties. 

NITRIDES 

The metal is cut into approximate cubes, 0-5 cm on edge, under an inert atmosphere 
in a glove box. The cuttings are saved for the preparation of the phosphide The cubes are 
removed from the box and buffed on a wire wheel. Most of the rare-earth metals are stable 
toward air oxidation; lanthanum, cerium, and europium are somewhat sensitive. 

The metal is first converted to the hydride in the apparatus sketched in Fig. 1 It is 
contained in an alundum boat in quartz tube A. The system is flushed out several times 


Ha 

Man. 



Fig. 1.—Apparatus for the preparation of hydrides. 


» 
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with catalytically purified hydrogen and is then evacuated. The quartz tube is out-gassed 
by increasing the temperature to 150° C. The trap B is then cooled in liquid nitrogen, and 
hydrogen is admitted to the system. Sometimes the rare-earth metal begins to react im¬ 
mediately, causing the contents of the boat to become red hot. Stopcock C is used to shut 
off the hydrogen and thus to control the reaction. Usually reaction begins at 300°-400° C 
and then only after an induction period of 10-20 min. Sometimes a temperature of’600° C 
is required to start the reaction. When the reaction has moderated, hydrogen is admitted 
to the system as it is needed, the pressure being kept a few centimeters above atmospheric. 
When the manometer indicates that hydrogen is no longer being taken up, the charge is 
allowed to cool slowly to room temperature. The system is then evacuated, stopcock C is 
closed, the apparatus is disconnected at D, and the material is transferred to the glove box. 
The hydride that results is ground to 100 mesh. (The hydrides of the rare-earth metals 
react moderately with atmospheric moisture but not with dry air.) 



Conversion of the hydride to the nitride is carried out in the apparatus sketched in Fig. 2. 
eoprene tubing is required. Stopcocks B, C, and D are three-way; £ is a 120° stopcock. 
ow °f ammonia is controlled with pinch clamps Fand C. A water-cooled joint //surmounts 
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quartz reaction tube 1 into which is sealed the fused-siiica fritted disk J. (The fritted disks 
may be obtained from either the Thermal American Fused Quartz Co. or the Amer&il Division 
of Englehard Industries.) Each of the check values K and L consists of a ground-glass ball 
resting on a ground seat, thus allowing gas to flow in one direction only. The U-tube M 
contains NaOH pellets. A is an ordinary tube furnace. The tubes O, P, Q, and S’ lead to 
bubble counters. The bubble counter O contains water; bubble counters P, Q, and R 
contain concentrated NH*OH High-punty nitrogen enters at S. The unsilvered Dewar 
flask A contains liquid ammonia. The flask is attached loosely to the system, and all the 
lines are flushed out with nitrogen. The rubber stopper that holds the entranoe tubes to the 
Dewar flask is then loosened, and pieces of sodium metal are dropped in. Reaction occurs 
until the impurities in the liquid ammonia are used up; then the solution becomes blue 
More sodium is added until 20 or 30 pieces the size of a pea are contained in the flask. The 
stopper is then seated firmly in the Dewar flask, and all the lines are again flushed out with 
nitrogen. During these operations, ammonia gas escapes through check valve L Next, the 
water-cooled joint is removed from the reaction tube /, and a funnel having a stem long 
enough to reach almost to the fritted disk is inserted into the tube. With nitrogen passing 
up through and around the funnel, the hydride is poured into the funnel and down onto the 
fritted disk. A piece of quartz wool may be placed at position T m order to keep fine particles 
from being carried out of the hot zone. The system is flushed thoroughly with nitrogen 
Pinch clamp G is then tightened to divert ammonia through the charge. The nitrogen is 
diverted out through O by means of stopcock E The temperature of the furnace is increased 
to 800° C and is maintained for 3 hr (Rare-earth metals begin to react with quartz at about 
700° C; the hydrides of the rare-earth metals begin to react at a somewhat higher temperature, 
that is, 800° to 900° C) The charge is cooled and is flushed with nitrogen. The quartz tube 
is detached from the system at U and H Since the surface of the particles is now covered 
by the more insensitive nitride, the material can be poured into a container for removal to 
the glove box where it is ground to 200 mesh In this more finely divided state, it is treated 
again with ammonia, this time at 800° C for } hr and then at 900' C for 2 hr This treatment 
should practically complete the conversion of the rare-earth-metal hydride to the nitride 

In order to determine the completeness of the reaction, the product is analysed for 
nitrogen. In view of original impurities, 96-97 per cent of the theoretical nitrogen content 
can be considered to indicate complete reaction. If the result is as low as 94 per cent, the 
product may be ground to 270 mesh and treated at 950“ C for 1 hr; however, a point of 
diminishing returns due to reaction with the quartz must now be considered. 

Nitrogen is determined by the Kjeldahl method, but certain precautions must be observed 
Previously tared weighing bottles are brought into the glove box, and three test portions of 
200 to 300 mg size are taken from the product and put into the weighmg bottles. The bottles 
are removed from the glove box, and if helium had been the atmosphere in the glove box, 
the weighing bottles are placed in a desiccator for 1 hr in order to allow the helium to diffuse 
out and to be replaced by dry air The portions are then weighed. A portion is dissolved 
by dumping it quickly mto a clean dry iodine flask, stoppering the flask quickly, and pouring 
1:4 HQ around the stopper. The HQ is allowed to seep into the flask a little at a time, 
and the hydrogen to escape upward through the remaining HQ. Caution: If fine particles 
of original metal or hydride are present, sparks may occasionally occur which will cause the 
evolving hydrogen to explode. (The hydrides of the rare-earth metals are remarkably stable 
and some may remain even after treatment at 900° C.) 

PHOSPHIDES 

The phosphide of a rare-earth metal can be produced in quantities of 20 g or more by 
ignition of the reactant elements m a metal cylinder between snugly fitting plungers under 
an inert atmosphere. The preparation of holmtum phosphide, which is one of the more 
difficult rare-earth-metal phosphides to prepare, is described below. 

Red phosphorus is stirred as a slurry with 7 per cent NaOH in a platinum dish for 
several hours in order to remove oxides. The slurry is filtered, and the phosphorus is extracted 
with water overnight in a Soxhlet extractor, after which it is vacuum desiccated over P 2 O 5 
for several days. Holmium metal, in the form of shavings or filings, is treated with a magnet 
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to remove traces of iron. Equal volumes of holmium and phosphorus are mixed together; 
such a mixture gives an excess of phosphorus equivalent to about three times the 
stoichiometric ratio. 

The reaction is carried out in a stainless steel cylinder that is fitted at each end with 
movable plungers—an apparatus similar to that used in powder metallurgy for the com¬ 
pression of metal powders or other charges. The apparatus used for IS g of holmiuxrf, metal 
was a cylinder of -jfc- in. wall thickness, £ in. i.d. and 3 in. lerigth; each plunger was atyout 
m. long. The charge is placed in this apparatus and is compressed moderately in a vice; 
a small amount of a mixture of molybdenum sulphide and graphite is used on the plungers 
as a lubricant. The apparatus is then placed in the clamp arrangement, sketched in Pig. 3, 
which is constructed of carbon steel. The entire apparatus rests in the furnace, a sketch of 
which is shown in Fig. 3 At A is the bottom part of a desiccator j—£ filled with crushed dry 



Fig. 3 —Apparatus for the preparation of phosphides. 


ice The tube B enters through metal plate C to admit argon; carbon dioxide and argon exit 
through a centre hole in the metal plate. The Marshall type furnace rests on a large ceramic 
cylinder D (or metal cylinder wrapped with asbestos), which separates it from the desiccator. 
A narrower and longer ceramic cylinder E rests on the metal plate and supports the reaction 


apparatus in the center of the furnace. Wet asbestos paper is used on both rims of cylinder 
D to minimize leakage. 

In an operation of this nature, the approximate temperature of the incidence£>f reaction 
must be known. Heating small amounts of the reactant elements in sealed quartz tubes to 
different temperatures furnishes this information either by the resulting explosion or on 
examination of the contents after heating. The rare-earth metals react with phosphorus in 
e tem perature range from 700° to 800° C. The charge must be brought to reaction 
emperature within a short time. 
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Accordingly, the temperature of the furnace is first increased to 1000° C; the flow of 
argon is adjusted so that the interior is flushed with inert gas at the same time. The charge 
is then lowered into the furnace by means of nichrome wire E attached to the bolt on the 
reaction apparatus, and the firebrick F is replaced. The temperature decreases immediately 
to 800 ° C, and almost at once phosphorus begins to bum at the top of the furnace. The 
temperature is constant for a minute or two and then increases fairly rapidly to about 850° C 
thus indicating that the reaction has occurred. The excess phosphorus escapes around the 
plungers and either bums at the top of the furnace or condenses at the bottom. 

After a few minutes during which the excess phosphorus is allowed to escape, the reaction 
apparatus is removed and is placed m a can that contains crushed dry ice. The can is covered 
and the apparatus is allowed to cool. The apparatus is transferred to the glove box where 
the reaction product is removed, crushed, and placed in a quartz-tube apparatus similar to 
that used in preparing the hydrides. It is then heated to 600° C in vacuum to remove any 
remaining excess phosphorus. 

Phosphide phosphorus in the product is determined by the method of White and 
Bushey.o* The purity is usually about 99 per cent. Spectroscopic analysis showed that the 
metal contamination from the cylinder is less than 100 ppm. Caution must be observed m 
disposing of phosphide residues. Their reaction with moisture produces poisonous phosphine 

D. E. LaValle 

Analytical Chemistry Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 

W. E. White and A. H. Bushey, J. Amer. Chem. Soc. 66, 1666 (1944). 
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BOOK REVIEWS 


r C. Koch. Activation Analysis Handbook: x + 219 pp. Academic Press Inc., New York 
and London, 1960. 64s. 

The increasingly wide-spread recognition of the virtues of activation analysis, particularly 
as a method for the determination of trace constituents, has led to the production of this 
book whose purpose, the author states, is “to present a tabulation of the pertinent 
published data . 

The book is divided into four chapters. The first three chapters (15 pages) give a 
description of the technique and deal briefly with the considerations involved in selecting 
the most suitable reaction, the advantages and disadvantages of the various methods of 
irradiation, and the interpretation of results. The treatment of these subjects is adequate 
considering the space allowed but tends to be repetitive and several mistakes in elementary 
English have remained uncorrected, e.g. alternate is used when alternative is meant, referenc¬ 
ing instead of references, radiochemistry instead of radiochemical, etc. 

Chapter 4, however, is the mam body of the book and consists of 166 pages of tabulated 
information. The elements are arranged in order of atomic number and each is dealt with 
on two facing pages. The left hand page is devoted to data relevant to neutron activation 
and the corresponding right hand page lists similar data for charged particle and photon 
activation. This arrangement, whilst convenient for reference purposes, is very wasteful in 
space, thus 16 pages are left completely blank whilst 46 pages are less than half full. 

The data for neutron activation includes isotopic abundances, thermal cross sections 
and resonance capture integrals, half-lives of the product nuclei and the energies of the 
principal /?- and y-radiations they emit, possible interfering reactions, a “standard” sensitivity 
for each reaction under fixed conditions and references to published applications. The 
data for particle and photon activation includes threshold energies and references to 
measurements of excitation functions 

Whilst it has not been possible to check all the data, some mistakes have been noticed. 
Thus, for example, in referring to a papier describing the determination of rubidium and 
caesium (of which the reviewer was an author), the reactions involved and the sensitivities 
quoted have both been incorrectly reported for both elements. 

To the non-spiecialist who requires an idea of the capabilities and limitations of activa¬ 
tion analysis, this book may be useful. It will be of less use to the experienced analyst, 
however, since he requires up-to-date information on applications (and new applications 
are published at the rate of about 100 each year), a detailed knowledge of decay schemes, and 
can obtain a large part of the information given in the book from an intelligent use of the 
General Electric “Chart of the Nuclides”. 

M. J. Cabell 


C B. Monk Electrolytic Dissociation: 320 pp. Academic Press, London and New York, 
1961. 

It is now clear that very few electrolytes are fully dissociated in solution and this book, 
volume VIII of a series of monographs in physical chemistry, deals with the important 
problem of characterizing the ionic species in such solutions. The determination both of 
thermodynamic dissociation constants and quotients at constant ionic strength is discussed 
! n ° eta 'l although only mononuclear species are considered. This selection is a natural one 
or an author who has for many years been active in this field; polynuclear species have been 
very fully covered in other recent works. 
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The first part of the book (130 pp) is more in the nature of a general electrochemistry 
textbook and deals in a logical fashion with experimental and theoretical aspects of con¬ 
ductance, transference numbers, reversible cells, activity co-cfficients, partial molal quantities 
and diffusion. Throughout the theoretical sections there are a number of worked examples 
taken from original papers which form a particularly valuable feature of the book. 

The second part, with extensive bibliography, deals with all the most important methods 
for determining dissociation constants. In each, both the theory and essential experimental 
methods are described and again there are a number of useful worked examples. This is 
a very considerable field to cover in only 127 pages and as a result, some of the descriptions 
are very condensed. In polarography a worker would be confused by a recommended drop 
time given as 2-4 drops/sec instead of sec/drop. Quite apart from this, however, the large 
number of techniques which have been used extensively by the author are very well and 
critically discussed and his intimate knowledge of possible sources of error etc. make the 
descriptions all the more valuable. 

The book is aimed at a level between the elementary texts and the more mathematical 
treatises and is strongly recommended for Honours students in chemistry and for research 
workers interested in ionic equilibria. It provides an excellent and up-to-date summary 
and should find a place on the bookshelf of every Chemist who uses solutions of electrolytes 
It is well printed and illustrated and contains few typographical and bibliographical errors 

G. H. Nancollas 


R. Choppin. Experimental Nuclear Chemistry. Prentice-Hall Inc., Englewood Cliffs, New 
Jersey, U.S.A. (1961). $ 6.95 and $ 9.25. 

This book is intended to be used by practising Chemists who need to acquire a knowledge 
of the techniques of nuclear chemistry, and of the essential theoretical background to them 
It is also intended for University students who are taking a course in nuclear chemistry, and 
for the instructors who are conducting the course. 

The general layout of the book follows a simple and effective pattern. Each chapter 
begins with a discussion of the subject matter of the chapter, copiously illustrated. This is 
then followed by a number of practical experiments and theoretical problems on the particular 
subject. 

The experiments are very well designed and illustrated, and are laid out step by step in 
full detail. This is an important point for any instructor intending to present an experiment 
to his students, since it will not be necessary for him to waste time in working out small 
practical details. 

The subject matter of the book covers all that is needed for a preliminary course in 
nuclear chemistry. Anyone who has conscientiously worked through it will be well equipped 
to use radioactive isotopes in his normal research work, or to proceed further into basic 
nuclear chemical research itself. Radiation protection is covered early in the book, and the 
essential precautions are adequately stated, without being over-emphasized. It is, however, 
surprising to note that wooden glove boxes are still apparently used in the U.S.A. 

One criticism which must be made from the point of view of European readers concerns 
Appendices B and D. Appendix B deals with American regulations on the use of radio¬ 
activity and American suppliers of isotopes. Appendix D lists suitable American counting 
equipment for the course. It would not seem to be very difficult for the publishers to 
substitute European versions of these two Appendices for the benefit of their European readers 
To a lesser extent the same criticism applies to references to equipment in the text of the 
book, but it would dearly be a big task to try to Europeanize these too. 

Apart from this minor complaint, it must be said that this book fulfils its purpose 
extremely well, and may be highly recommended as the most suitable one on this aspect of 
nuclear chemistry at the present time. It ought also to be on the shelves of all practising 
research nuclear chemists, sine* it is a useful first reference for a wide variety of practical 
nutters not always to be found easily in the general literature. 


J. G. CUNINOHAME 
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VALENCE-STATES OF BORON, CARBON, 
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Abstract—Empirical values of the parameters in the Slater-Condon theory of atomic spectra are 
evaluated from experimental atomic energy levels for B, C, N and O, and for their unipotitive ions. 
From extrapolations through isoelectromc senes, parameter values for the uninegative ions are also 
obtained The parameters are used to calculate energies of excitation from ground states to defined 
valence states. 

Ionization potentials and electron affinities of specified hybrid atomic orbitals are listed, and the 
relative electronegativites of the orbitals are evaluated. 

The effect of charge on the ionization potential of an electron from certain defined atomic orbitals 
is examined. By comparing the ionization potentials of OH,, NH, and -CH, with those calculated 
for O, N and C atoms of the same orbital geometry, we obtain maximum values for the degree of 
charge transfer to the central atoms in these molecules, and maximum values for the percentage ionic 
character of O—H, N—H and C—H bonds: the correlation with electronegativity difference between 
bonded atoms is examined. 

Thi theory of atomic spectra, developed by Slater 111 , Condon and Shortley* 21 , and 
Racah 131 , provides approximate expressions for the energy levels of an atom in terms 
of certain exchange and coulombic integrals (represented by the parameters G and F 
m Slater’s formulation), which may be determined empirically provided the spectrum 
of the atom is sufficiently well investigated. In view of the approximations in Slater’s 
theory, the parameters do not have unique values, and “best values’’ for them are 
normally determined by least squares fitting of the available spectroscopic data to the 
theoretical equations. The evaluation of the parameters may be based on directly 
observed spectroscopic energy levels, as was done, e.g., by Jaff£ (4) in the case of the 
carbon atom, and by Skinner and Sumner 151 for the atoms vanadium through to 
copper. Atomic states of a given configuration are, however, perturbed in certain cases 
by near-lying states from a different configuration, and to make more refined evalua¬ 
tions of parameters correction for configuration interactions should be made, as 
described, e.g., by Rohrlich 181 . 

The first part of this paper gives a re-evaluation of spectral parameters for the 
atoms (and ions) of Be, B, C, N, O and F, special attention being paid to boron, carbon 
and nitrogen. The evaluation is based on empirical spectral data tabulated by Moore 171 , 
with allowance for the displacements of certain levels due to configuration interactions 

s 2 p n ~ 2 -p n . 

Evaluation of spectral parameters 

(a) C(I), N(II). The centres of gravity of the observed term values belonging to the 
configurations s*pP, spP and p i of C(I) and N(II) are listed in columns 1,2 of Table 1. 
2 J c Slater, Phys. Rev. 34, 1293 (1929). 

t U Condon and G. H. Shortley, Theory of Atomic Spectra Cambridge Univ. Press (1935). 

G Racah, Phys. Rev. 62, 438 (1942). 

I J. Goldfarb and H. H. JxFri, /. Chem. Phys. 30, 1622 (1959). 

H A Skinner and F. H. Sumner, J Inorg. Nucl. Chem. 4, 245 (1957). 

J, r ohrlich, Phys. Rev. 101, 69 (1956). 

c E. Moore, Atomic Energy Levels Vol. J. Nat. Bur. Stands. Washington, Circular 467 (1948). 
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Table 1.—Observed and calculated term values 


Observed “Adjusted” Calculated 




C(I) 

N(II) 

C(I) 

N(U) 

C(I) 

*N(II) 

s'p' 

•p 

30 

89 

2890 

3640 * 

2975 

• ~ 
% 3774 

1 D 

10194 

15316 

13420 

19060 

13275 

18925 


1 S 

21648 

32687 

— 

— 

28800 

41650 

¥, 

‘5 

33735 

46785 

33510 

47170- 

29260 

43570 

»z> 

64091 

92245 

64210 

92060 

65650 

93840 


* p 

. 75256 

109219 

75480 

108800 

76000 

108990 


• ‘D 

(97878) 

144189 

(102210) 

144380 

' 107380 

148930 


•s 

105800 

155130 

113440 

155000 

112720 

153750 


l P 

(119878) 

166766 

(119780) 

165760 

117730 

164080 

p l 

op 

(154500) 

(219200) 

(151640) 

(215650) 

151635 

215645 



B(I) 

C(U) 

B(I) 

CCll) 

B(I) 

C(IJ) 

s'p 

op. 

11 

43 

4720 

6300 

4720 

6300 

¥ 

*p 

28812 

43033 

28620 

43000 

28659 

43182 

'/> 

47857 

74932 

48510 

74690 

51013 

77175 


*5 

63561 

*96494 

63430 

97040 

60382 

93951 


op 

72543 

110653 

76500 

111200 

76983 

111609 

p* 

‘5 

97037 

142024 

97060 

141910 

91985 

136760 


*D 

— 

150465 

(98380) 

150625 

101354 

153536 


•P 

— 

168744 

(105500) 

162480 

164720 



Be(l) 

B(ll) 

Bc(I) 

B(1I) 

Be(l) 

B(ll) 

s l 

1 S 

0 

0 

6180 

8580 

6180 

8580 

sp 

•P 

21981 

37344 

22180 

37210 

22550 

37520 

l P 

42565 

73397 

46120 

74280 

45750 

73970 

p 8 

op 

59697 

98924 

60150 

98590 

59610 

98330 


'D 

56433 

102362 

58240 

104460 

62610 

106490 


1 S 

71499 

127662 

66570 

118480 

. 67110 

118730 

sd 

*D 

62055 

150649 

— 

— 

« - 

_ 

* 

l D 

64428 

154687 

62620 

152590 


— 



N(I) 

0(11) 

N(I) 

0(11) 

N(I) 

0(11) 

s'p* 

•'S 

0 

0 

0 

0 

500 

810 

'D 

19223 

26817 

19990 

26810 

20570 

27900 


* P 

28840 

40468 

35040 

47870 

•33950 

45960 

¥ 

•P 

88135 

119933 

87750 

120000 

85210 

119130 


•D 

— 

165991 

(122360) 

166090 

123225 

168550 


•s 

— 

195710 

(140000) 

196900 

143295 

195640 


* P 

— 

212616 

(160720) 

213510 

159115 

213210 

¥ 

l P 

(234200) 

(t tmo) 

(228000) 

(310600) 

228000 

310600 


WJ - A 


M Uncertain or estimated term values are given in brackets 
™*> Italicized term values are adjusted for the configuration interaction shifts, s'p"'-p '‘. they are 
' > Of the “pure” configurations 


, Cotamns 3| 4 give “ adjusted ” values of these same spectroscopic terms. The last two 
. ; dWtnnns give calculated term values, using the spectral parameters now proposed and 
-Iked to Table 2. 

; Jconfigurations s*p* aadp* both give rise to states ®.P, l D and *5, and each pair 
| t 'If^^w.^tikedeit^iation interacts: the wave function describing an observed state 
orp* wffl thus be a combination of those describing separately a 
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Tajujs 2 .—Spectral parameter values (a* cm 1 ) 


-— 

• Be(l) 

Ban 


Be - s 

B(I) 

cai) 

* A(s') 

6480'• 

8580 

A(s*p) 

3140 

4720 

6300 

* A(sp) 

34150 

55745 

Asp 1 ) 

34040 . 

66080 

98120 

A(p*) 

62110 

• 105130 

A(p*) 

50480 

lOfttOO 

164720 

Ft” 

500 

1360 

F t " 

218 , 

1041 

1864 11 

Gi" 

11600 

• 18225 

G," 

9407 

16108 

22809 

A," 

-10 

2220 

A 0 * 1 ’ 

* -5053 

-3732 

-2411 



B- 

C(I) 

N(ll) 


c- 

N(I) 

0(11) 

A(s*p*) 

6700 

11550 

16400 

A{s'p*) 

21940 

33950 

45960 , 

* Alep 3 ) 

71380 

117730 

164080 

A(sp *) 

94360 

145630 

196900 

A(p *) 

92250 

160260 

228270 

A(p>) 

145400 

228000 

310600 

Ft” 

915 

1725 

2525 

Ft” 

1460 

2230 

3010 

Gi" 

14190 

20865 

27545 

G," 

17910 

24635 

31360 

A" 

-6230 

_i_ 

-4670 

-3150 

A 0 " 

-3470 

-4675 

-5884 





N- 

0(1) 

F(ID 





A(s‘p*) 

9570 

13610 

17650 





A(sp‘) 

114000 

158070 

202140 





A(p*) 

214100 

296870 

379640 





’ Ft” 

2080 

2820 

3560 





C t " 

22500 

29500 

36500 





A„" 

-4330 

-5660 

-6990 




(i) The A parameters of an atom are evaluated with respect to the observed ground-state, taken as the 
zero of energy, they may be expressed explicitly in terms of core-integrals /„ and coulomb and 
exchange integrals F„,Ft and G l (e.g., MoFFirr" 1 ). 

The A parameters for each configuration are defined in the following Slater formulae; 

>5, s* = A(s') 

H'P, sp 4 *P, sp) = A(sp) 

*P,p* = A(p l ) - 5F,” 

*P, s*p » A(sPp) 

*P, sp* - A(sp) - 5 F,” - 2G," 

*P,p* = A(p>) 

*P, s*p * = /tOr'p*) - 5F," 

‘5, sp* - -4(jp*) - 15F,*” - 3G," 

•F.p* = ,t(p*) - SF,"- 

*5, r*p* = A{s*p*) - 15F,» . . 

•P, sp* = /tCy*) - 5 Ft" - 2G," 

*P,f = A(p>) 

•P, s*p* = ,t(.r*p*) - Sf," 

K l -P, sp* + »J>. rp*) . p((jp*) 

*S,p* = ,t(p‘) 

in most cases, several equations are available for deriving a single A parameter (e.g. there are six 
terms involving A(sp*), and the mean value obtained from the available equations has been accepted, 
if* = F *"~ + Ttus is not an independent spectral parameter, but is useful to sim¬ 

plify the writing down of valence-state equations (see Appendix). A,” is defined in terms of the other 
parameters by: 

A„» - A(s*) 4- A(p*) - 2A(sp) 

~ A(s*p) + A(jP) - lA(sp *) + G," 

V* “ Asy) + Alp*) - 2A(sp*) 4- 2Gj*» 4- 10F t " J ,» . 

r A«*» « Aty) + A p*) - 1A&*) + G,‘* 

A,*-,<(!£•)+ *£»)-2***). , 

F - BACHtt, PAys. Rev. 43,2*4 (1933). 

w. Motott,/*«». Jtoy. She. 202 A, 534 (1930). „ 8 
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“pure” s*j 7 * state and a "pure” pA state. As a result of the interaction, the observed 
pp* states are depressed, apd the observed p 1 states correspondingly elevated with 
respect to the levels of the “pure” states. The displacements may be calculated from 
equations given by Rohrlich'* 1 . 

Calculated s 2 p 2 -p* displacements for 0(111), F(IV), Ne(V) and Na(VI), in car 1 , are 
listed below: 



O(IH) 

F(IV) 

Ne(V) 

Na(Vl) 

s'p'-p* *P 

4244 

4994 

5640 

6315 


4339 



5962 

>S 

16741 





The shifts in C(l) and N(II) were estimated by linear extrapolation of the above datS 
(direct calculations cannot be made as the p 4 states have not been spectroscopically 
located. We have, however, estimated the positions of 3 P(p 4 ) in N(II) and C(I) by 
extrapolation through the a P levels of higher members of the isoelectronic series). The 
“adjusted” term values for 3 P, 1 D(s 2 p 2 ) and 3 P(p*) states of N(I1) and C(l) given in 
Table 1 are the expected positions of the “pure” states. 

The configuration sp 3 gives rise to six states, 6 < 3 S, 3 - 1 D and 3 > 1 / > . The perturbations 
of these levels by higher-lying states are considered by Rohrlich to be small relative 
to the s^pt-p* interactions. The configurational shifts of the “pure” sp 3 states would 
be difficult to calculate, and have been ignored in the present analysis. 

The centres of gravity of each of the six states deriving from the sjp configuration 
for the elements C(I) to Si(IX) inclusive, plotted against atomic number, give satis¬ 
factory straight line plots. The “adjusted” term values for the sp 3 states of C(I) and 
N(II) in Table 1 were read off from the “best” straight lines. 

The spectral parameters G 1 ’ v and F 2 vr were calculated from the observed sp 3 term 
values-for each element of the isoelectronic series C(I)-Si(XI) inclusive. These values, 
plotted against atomic number, also gave satisfactory straight lines. The chosen values 
in Table 2 were read off from the “best” straight line plots. 

The parameters A(sjP), A(s 2 p 2 ) and A(p 4 ) were calculated from the “adjusted” term 
values, assuming the parameters F 2 PP and Gy® to retain their values unchanged in each 
configuration. 

(b) B(I) and C(II). The observed term values of the configurations s*p, sp 2 and p 3 
are listed in Table 1. Adjustments to these values have been made, 

(i) to allow for the displacement of the 2 P levels due to the pP-s~p configuration 
interaction, and 

(ii) to give conformity with the term values of the isoelectronic series B(I)-A1(1X) 
inclusive. 

(c) Be(I) and B(1I). Table 1 lists the observed term values belonging to the 
configurations j 2 , sp, p 2 and 2s3d of Be(I) and B(II). Adjustments were made, 

(i) to allow for the configuration interaction s*-p 2 displacing the 3 S states of these 
configurations; 

(ii) to allow for the displacement of the states due to the configuration 
interaction pA-sd. The'shifts were calculated by the method of Bacher (8) : Slater 
orbitals were used to evaluate the off-diagonal matrix elements; 

(iii) to give conformity with term values of elements in the isoelectronic series 

call) to Mg(IX) inclusive. 
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(d) N{1) and 0(11). The observed term values belonging to s lf aQ d fP are 

listed in Table 1. The “adjusted” term values make allowance for the configuration 
interaction displacing the *P levels. Minor adjustments were also made to give 

conformity with term values of elements in the isoelectronic series extending to P(IX). 

(e) 0(1) and F(II). Term values have been observed for states belonging to s*p l 
and spP for all elements in the isoelectronic series, from 0(1) to Si(VTl). Values of the 
parameters G x n and A{sjP) were calculated from the spectral data, and gave straight 
line plots against atomic number. 

The term l S,p t has not been located for any member of the series, so that the extent 
of the configuration interaction s*fp-p*, displacing X S states, cannot be calculated 
directly. We have thus been obliged to deduce A(jP) and F t " indirectly by extrapolation. 

The parameters G x p plotted through Be(I), B(I), C(I), N(I) and 0(1) give a straight 
line with respect to atomic number: the plot of F 2 PP is linear from Be(I) to N(I), and 
we have accepted the value for 0(1) obtained by extending this line. 

The parameters AiPpP) were evaluated from the observed s 3 pP levels, 3 P and l D 
(the level 1 S being ignored), and A(spP) from the mean of the s/P levels, l P and % P. 
A(p 6 ) was evaluated by an extrapolation procedure based on examination of the form 
of the A parameters when written out' fully in terms of the core-integrals, and the 
parameters F 0 , F 2 and G x .* 

Valence states excitation energies 

The valence state formulae were denved following the procedure described by 
Van Vleck (10) . They are presented separately in the Appendix. 

The excitation energies of chosen valence states relative to ground state atoms were 
calculated by substituting the parameter values of Table 2 into the appropriate valence 
state formulae. The calculated values (in eV) are listed in Table 3. Atomic orbitals of 
designation s, p t , p v , p t are represented s, x, y, z, and hybrid orbitals are symbolized 
T( = tetrahedral, sjp), t(— trigonal, sfP) and d(— digonal, sp). 

Calculated ionization potentials (I.P.) and electron affinities (E.A.) of selected 
orbitals of valence states of Be, B, C, N and O are listed in Table 4. These values were 
denved using the excitation energies of Table 3, the experimental ionization potentials 
(from ground state atoms) recommended by Moore <7) , and the electron affinities 
estimated by Edl£n <11, > viz: 



I,P.(eV) 

E.A.(eV) 

Be 

9 320 

-019 

B 

8-296 

0-33 

C 

11-256 

1-24 

N 

14 53 

0-05 

O 

13-614 

1-47 


* The quantities A(sp) -A(s*)-, A(sp') -AU'p) -G x ; A(sp >) -A(s*p>) -2 G,; A{sp*) -A( S y) + 
- and A(sp*) —A(s i p i ) -(- 10F, —2G x were evaluated from Table 2 and plotted against 

atomic number, and a smooth curve drawn through the points The quantities Alp*) —A(sp); A{jP) 
/%’>. A(p) - A{sp *) + 10F,; A(p) -A{sp l ) + 10F, -C x ; and A(p‘) -A(sp>)^10F, -2 C, 
P otted against atomic number should give a curve essentially similar to the first one: hence, the 
position of the point dependent upon A(p*) was estimated. 

Van Vleck, /. Chem. Phys. 2, 22 (1934). 

B Edl ^. J. Chem. Phys. 33, 98 (1960). 
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Table 3.—Valence state excitation energies 


Be- 


Be(D 


Bear) 


s*x 

0-39 


3-51 

X 

3-96 

sx* 

316 



s 

0-00 

4V, 

1-78 

44 

2-83 

4 

1-98 

h**> 

3 82 

h‘, 

4-53 


2-64 

Ti'T, 

4-65 

TJ, 

5-36 

T, 

296 

W, 

209 





B- 


B(T) 


B(U) 


s’xy 

0 43 


5-74 

*y 

12-47 

4*4* 

315 

44* 

4 75 

4* 

911 

d'xy 

7 58 

dixy 

8-86 



<!*».». 

365 


4-42 

t,‘ , 

7 55 

T.'T.T, 

6-OT* 

TJJi 

6 56 

T,T, 

8 86 

44*’ 

4-96 



44 

477 

4*7* 

8-45 

i 

‘ ’ 1 



sxy' 

5-87 




5-78 


3-79 





r,r,r,r 4 

364 





sxyz 

502 





c- 


C(l) 


an) 


s'xyz 

0 82 

sxyz 

8 47 

xyr 

17-99 

d'dtxy 

4 83 

didfxy 

7 21 

4*3' 

13 26 


5 69 

iddd 

6-79 

I,/,z 

1109 

TST,T,T t 

603 

T 1 T,TJ t 

6-58 

T,T,T, 

9 89 

sx'yz 

884 



sxy 

8-53 

d t d,xy' 

7 77 



44* 

7-19 


7 41 



w. 

6 75 



ty'Ut, 

6 38 



N- 


N(l) 


N(ll) 


s'x'yz 

028 

sx'yz 

1403 

Jf’yz 

27 20 

dfdfxy 

0-28 

d'd,xy 

7-67 

4**3' 

17 26 

44 V) 

6 51 

44**3' 

12 56 

4**3' 

20 74 

'.W 

7 99 

WS 

12-08 

V,z* 

17 87 

T l *T x t T l T i 

6 18 

T'T,T,T i 

9 75 

T 1 'T,T l 

14 57 

sx*y*z 

12-74 



sx'z 

14 28 

didtX'y' 

11 40 



44*’ 

12 68 





4’4* 

7-61 




9 14 


9 12 





d,d,xy 

10-33 





titftfZ 

9-80 





TjT,T,T t 

9 53 

o- 


o a) 


0(11) 


j'jt’/’z 

0-00 

•wty’z 

17-76 

x'/z 

38 50 

dfd&'y' 

7-68 

44**3'* 

16-02 

4*V 

30-25 

f.V.’z* 

512 

I.v.v* 

11-22 

n't,:* 

23-34 

r I * 7 ’, , r, , r 1 

3-84 

TST.'TiT, 

8-68 

T l *T t *T l 

19-26 

«4y*z* 

15 37 



sx'y' 

22 01 






16-75 





7\»r,r,r 4 

13-47 




6-23 


9-87 





h't,!,* 

12-58 



• V* ? ■ *.■■■■ ";^Sj 

” ,¥aJra»*«*ra<>f bon®* carbon, nitrogen rad oxygen 943 • ; 1 


Table 4.—Valence-statb ionization potentials and electron affinities 

(in eV) 


(0 Be-Be* 

I.P. 

Process 

Be — Be- 

E.A. 

Process 


9-76 

~S 

iX — s*x 

2-94 

+5 


8-47 

-d 

d x d x ~d x 'd x 

1-93 


ijii — 

743 

-t 

t\t\ —► ty}ti , 

0-52 

+r 

TJ t - 

692 

-T 

r,r, - r,*r, 

0-53 

i +t 

jjf —► 5 

5 81 

~P 

«— «* 

0-16 

+P 




d x d t —► /tf*/* 

0-55 

+P 

In) B-B* 



B->B- 



sxy — xy 

15 02 

—s 

sjcy — i*xy 

5-64 

+s 

d x d t x — d t x 

12-66 

-d 

rf,rf,jc — d^dfX 

1-93 

+d 

d,xy - xy 

11 91 

-d 

d\xy — rf,’j:y 

1-61 

+d 

-*■ fi*« 

11-43 

—I 

W. —f,Vs 

MO 

+t 

r,r,r, - r,r, 

10-59 

-T 

r,r,r, — t x 't x t x 

0 86 

+ T 

rf.d.jr — rf,rf. 

8 32 

~P 

rf,rf,j[ — d x d,x' 

0-12 

+P 

rf,jty — rf,* 

8 55 

~P 

d\xy — rf,x/ 

0-74 

+P 

wy — m 

8-33 

~P 

M_y — «/ 

020 

+P 




— t\t\t\Z 

096 

+P 




tihh — r.r.r.r. 

Ml 

+p 





1-05 

+P 

(in) C — C + 



c-c- 



sxyi — Jtyz 

20-78 

~-s 

wryz — j*jcyz 

8-89 

+z 

d x d,xy—d x xy 

17-30 

- d 

4<W — <W«*y 

3-62 


1,1,/,z — 1,1,2 

15 56 

-t 

— f.v,r,z 

234 

+r 

r,r a r,r, - r.r.r. 

14-57 

-r 

t x t x t x t, — r.T.r.r, 

1-79 

+r 

*’»,<« — Mi'. 

11-63 

— t 




vxyz -*■ sxy 

11 31 

-P 

jjryz — wr*yz 

0-87 

+/ 

d,d,xy — rf,rf,jr 

11 24 

-p 

rf.rf.jry — rf.rf.jc/ 

0-68 

+p 


11 22 

-p 

» 7 

062 

+p 

(iv) N — N + 



N — N~ 



M*yz — x'yz 

27-70 

- S 

M s yz — s’jc’yz 

13-80 

+J 

d^dfXy — rfj’jty 

24 12 

-d 

d,'d,xy — d'd^xy 

744 

+rf 

d,d,x*y — d L x'y 

22-70 

-d 

dAx'y — rf,rf,’jc’y 

6 11 

+rf 

Wth* - V.z* 

20-32 

“f 

/ 1 /j/jZ* 

414 

+< 

Ti’T t T,T t - r,*r,r t 

19 35 

-T 

Ti'T,T,T t — TSTfTtT, 

3 63 

+r 

diV,*y — rf,rf,.xy 

17 19 

-d 




3 ^ —► t\t%t^Z 

15-19 

— J 




TdT.T.T, - T x T t T,T t 

14-31 

-T 




sx'yz — sx'y 

14 78 

-P 

sx'yz — zjt'yz* 

1 34 

+p 

d,d,x'y — d,d,x* 

14-65 

~P 

rf,rf,z*y — d l d l x l y % 

1-20 

+p 

d'd^y — </,V, jc 

14 47 

-p 

d'dtxy — rf,*rf»x/ 

1 21 

+p 

ti'ht az — 

14-51 

~P 


120 

+p 

Maf 3 Z 2 ~ 

12-25 

~P 




(V) 0—0* 



o-o- 



m4/z — x'y'z 

34-35 

—s 

jj-’/z — j*jr*/z 

19-24 

+* . 

d x d l x , y i — d x x*f 

27-84 

-d 

rf,rf^r’/ — rf ] *d x x*y t 

9-81 

+d 

'.W-IjV* 

25 73 

-t 

ti'httZ' - l 1 */,«f,z» 

7-57 

+t 

n*r,*r,r 4 - r^r.T, 

24 20 

-T 

r 1 *7’, , r,r, — r,*r,*r,*r, 

6-31 

+T 

'i’MsZ* — W.Z 1 

19-14 

-t 




Wr.r.-r.T.r.r, 

18-40 

-T 




Wl.Z - 

17-25 

~P 




m'/z — «*/ 

17-86 

~P 

«*/z — sjr*/z’ 

3-87 

-¥p 

tl’ 1 ! 1 !* — t 1 , l,t t Z 

14-97 

~P 
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Electroaffinities of specified atomic orbitals 

The electroaffinity of an atomic orbital of an atom was defined by Muluken ,14) 
as the mean of the “valence state” ionization potential and electron affinity of the 
orbital. Calculated electroaffinities for p, tetrahedral (T), trigonal (/), and digonal (d) 
orbitals, and for s-orbitals are listed in Table 5. The valence state of the neutral atom 
is given in brackets in cases where the orbital involved requires specification. 


Table 5.—Electroaffinities, ifi + e) in eV 


Atom 




Orbitals 





P 

T 

t 

d 


s 


Be 

2 93 

(sx) 

3 72 

3 98 

4-67 


6-35 

(sx) 

B 

4-22 

(dm) 

5 73 

6 26 

6-76 

(dm) 

10 33 

(sxy) 


4 27 

(sxy) 



7-29 

(ddn) 



4-64 

(ddir) 







C 

5 92 

(/d.f.tf) 

8 18 

8 95 

10-46 


14-84 

(sxyz) 


5 96 

(d^imr) 







609 

(sxyz) 







N 

7-84 

(dfdim) 

11 49 

12 23 

14 41 

((/,</,7r*») 

20 75 

(sx'yz) 


7-85 

(ti'tit,*) 



15 88 

(d'dtTnr) 



7-93 

(*/,</, rrV) 








806 

(sx'yz) 







O 

10 86 

(sxyz) 

15-25 

16 65 

18-83 


26 79 

(sx'y'z) 


The electroaffinities may be related to the Pauling scale of electronegativities by 
dividing them by a suitable factor.* 12 * 13 * The values listed below are based on the 
factor 3-27—chosen to make the calculated electronegativity of tetrahedral carbon = 
2-50, as in Pauling’s scale. 


Calculated e lectroneo attvity values 



P 

T 

t 

d s 

Be 




1 43 

B 



1-91 


C 


2 50 

2-74 

3 20 

N 

2-46 

3-51 

3-74 

4-40(—N=) 

4 86(N=) 

O 

3 32 

466 



H 




2-19 


DISCUSSION 

The calculated orbital electronegativities of C, N and O increase sharply with 
increasing degree of j-character. The effect is shown quantitatively in Fig. 1, in which 
the electronegativity of the bonding orbitals of trivalent N (forming three equivalent 
bonds) is plotted as a function of theoretical bond-angle (from 90°, pure p-bonding, 
to 120°, ^-bonding). The figure also shows the calculated ionization potential for 
removal of one electron from the lone-pair occupying the non-bonding orbital of N 
as a function of bond-angle. 

Fig. 2 similarly shows the variation of the orbital electronegativity of divalent O 
with bond-angle, and the corresponding dependence of the ionization potential for 

R. S. MULUKEN /. Chem. Phys 2, 782 (1934). 

H. O. Pritchard and H. A. Skinner, Chem. Rev. 55, 745 (1955). 



Valence-atatea of boron, carbon, nitrogen and oxygen 



Bonding angle 
FK3. 1 

removal of an electron from one of the equivalent lone-pairs of the divalent O atom. 

The bond-angle' 14 * in NH 3 is 107°, and the ionization potential* 15 * is reported to be 
1015 eV: in the H 2 0 molecule, the bond-angle' 14 * is 104$°, and the ionization 
potential' 15 * is 12-59 eV. The ionization potentials of the free atoms, hybridized to give 
the same orbital geometry as in NH 3 and OH 2 , are decidedly larger than those of the 
molecules. The same is true, to a lesser degree, of the ir-electron ionization potential 
of ^’-hybridized C (Table 4) relative to the ionization potential' 16 * of the CH S 
radical; the data are summarized below: 


Molecule 

Bond angle 

I.P.(eV) 

Atom 

I.P.(eV) 

Bond-orbital 

electronegativity 

NH, 

© 

"4 

o 

10-15 

:N < 

15*12 

3-42 

OH, 

104*° 

12-59 

< 

19-30 

4-38 

•CH, 

120° 

9-84 

1 

C 

/\ 

11-22 

2 74 


These data suggest a correlation between the electronegativity of an atom and the 
change in ionization potential in passing from the free atom to molecules. To pursue 
this further, we have calculated the valence state ionization potentials of the neutral 
atoms of C, N and O, and of their positive and negative ions, in order to obtain a 

G Herzbero, Infra-red and Raman Spectra. Van Nostrand, New York (1945). 

£ Watanabe, J. Chem. Phys. 26, 542 and 1772 (1957). 

G Herzbero and J. Shoosmith Canad. J. Phys. 34, 523 (1956). 
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100 120 140 160 >60 

Bonding ongle 

Fig 2 


quantitative measure of the effect of charge on ionization potential. The results are 
shown graphically in Fig. 3. smooth curves were drawn through the points listed 


below: 


Nitrogen (bond-angle 107 J ) 


Ionization potential (eV) 


N- 

, V*, 1 *,*. 

-*■ N, 

v.’*>*. 

4 24 

(? " 

-1) 

N, 

h ^ hthth . 

-N+, 

*1*1* .*4 

15 12 

(9 = 

0) 

N + 

, VMa 

— N ,+ , 


28 85 

(? = 

+ 1) 



<*,= 

= lone-pair orbital) 

* 



Oxygen (bond-angle 

104J C ) 




o- 

, W*.**, 

— O. 

*i*.’*. , *« 

6 29 

(? = 

-1) 

o, 

h l ' h ,' h , h l 

-* o + . 

h \ h ^ h t hi 

19-30 

(? = 

0) 

o + 

, *i**i’*i 


*,*, a *. 

32 93 

<9 = 

+ 1) 



(*1*1 

are lone-pair orbitals) 


Carbon (bond-angle 120°) 

c-. 


-c. 


1-93 

(9 “ 

-1) 

c. 


-c + 

W. 

11-22 

(9 = 

0) 

O, 

t,t t n 


'it. 

23-86 

(9 = 

+ 1) 



Valence-state* of boron, carbon, nitrogen and oxygen 





From Fig. 3, the ionization potential of O, when carrying a negative charge of 
0-48 e (q = —0 48) becomes equal to that of the H 2 0 molecule: correspondingly the 
ionization potential of N, q = -0-42, is the same as that of NH a , and the ionization 
potential of C, q = —012, the same as m CH S . Thus if we attribute the entire 
difference between the ionization potentials of neutral atom and molecule to charge 
transfer within the molecule, it follows that the O—H bonds m H a O have 24 per cent 
ionic character and that the N—H bonds in NH 3 and the C—H bonds in CH a have 
14 and 4 per cent ionic character respectively. 

These values for percentage ionic character may be plotted against the differences 
in orbital electronegativity of the bonded atoms (the H atom is assumed to use the 
1 j-orbital, electronegativity = 2- 19). The resultant curve is similar in general shape 
to that proposed by Pauling' 171 , but gives smaller degrees of ionic character for a 
given electronegativity difference. 

This plot probably overestimates the degree of ionic character of bonds, since it is 
unlikely that changes in ionization potential from atom to molecule are entirely due 
to charge transfer. The values given for 0—H and N—H bonds require that the lonc- 
pairs in H 2 0 contribute ca. 0-5 D to the total dipole moment, and that the lone-pair in 
NH 3 contributes ca. 0-8 D. 

The main conclusions of this paper were presented at the 18th Congress of 
I U.P.A.C., in Montreal, in August, 1961: at the same meeting, Jaff£, ef a/. (18) gave 

L. Pauling, The Nature of the Chemical Bond. Cornell Univ. Press (1939). 

H H. Jaff£, M. A. Whitehead and J. Hinze, Abstract Al-4, 18th I.U.P.A.C. Congress, Mont¬ 
real, August 1961. Also J. Hinze and H. H. Jaffb, J. Amer. Chem. Soc. 84, 540 (1962). 
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a similar paper on orbital electronegativity and valence state dependence. Hie methods 
of calculation differed slightly, but the results of the two independent investigations 
in general agree rather closely. 

APPENDIX 

Valence state formulae 

The valence state formulae given below were obtained by Van Vleck’s procedure.' 10 * 
Atomic orbitals of the types s, p x , p v , p, are represented by s, x, y, z. 

(i) Valence state of atomic orbitals 


V* 

sx 

A(sp) - icr 

Vy> 

sx 2 

A(sp 2 ) + 4F t rt - Gf* 

v» 

sxy 

A(sp *) - 3 \F t ” - Gf* 

K, 

sx*y 

A(sp s ) - 3 F” - 1 iGjT 

v« 

sxyz 

A(sp s ) - 10* F t " - liGj 

Vi, 

SX 2 }’ 2 

A(sp*) + 4F t pp - Gr 

V* 

sx 2 yz 

A(sp*) - 3* Ft” - G” 


sx z y 2 z 

A(sp>) - IGf* 


sx 2 /z 2 

A(sp 9 ) 

v» 


A(s 2 p) 

K, 

j 2 * 2 

Afp 2 ) + 4 F t ” 

V* 

s*xy 

A(s i p 2 ) - 

Vi, 

s 2 x 2 y 

A(*Y) - 3 F % ” 

Vs, 

s 2 xyz 

AY?) - 10*//* 

V 2 , 

s 2 x?yz 

A(sY) - 3 \Ff> 

Vo, 

rV/ 

A(s 2 p i ) + 4 FS* 

Vi, 

s 2 x 2 y 2 z 

A(s a p i ) 

V 0 , 

x * 

A(f) + 4 

V 2 , 

xy 

A(f) - 3 \Ff> 

Vs, 

xyz 

AY) - 10 \Ff> 

Vs, 

x 2 yz 

AY) ~ 3 \F % » 

Vi, 

x*y*z 

AY) 


(ii) Regular tetrahedral orbitals 




i 

i 

i 

■ 

' T i — + X + y + z] 

T 2 = \[s + x — y — z] 

T a = i[s — X +y — z] 

F t — J[j - x - y + z] 

v» 

T t T t 

\\A(sp) + AY)] - W* - fGi ,p + AV* 

i:\ v» 

T x T t T t 

iI3 A(sp*) + AY)] ~ *fFY - IGf* + AV 

v+ 

T x T t T t T t 

A{sf) - **F t ” - |G 1 * P + *Ao* 

v * 

r t *r # r,r 4 

mm + 3 Awn - vf s » - \gs *+ 

- v * 

T t *T,*T a T t 

mm+AiY)\ - - f<?r + tw* 

1-" Vt, 

n%*r/r t 

WAY?) + A(sf)\ 

Vu 

T;\ 

i£3 A(sf) + AY )J -£+”■+ *V> 



Vakece-att** of boron, cartwa, nitrogen and oxygtn 

v» r,*r,r, IX^m + m*f) + 40 4 )] - w,* - §gf - 

K lt 7i*r,*r, JMO*/) + 340/)] - f,» + * v 


(i ii) Regular trigonal orbitals 

1 , 12 
h -?* t + Ji x 

i i i 

. '’ = -3‘~”6* + V2' 
1 1 1 

. 2 


V%, *i*a 
K„ f a ! / a . 
K a , V*Z* . 
V x , t x tsh 
VaV 
V 3 , 4V 
^8> hh { s 

V 3 , *i%V 
^3> *iVa z2 

v„ h V* 2 * 
r* 'l 2 v* 

l ih 2 h z 
V\, ? 1 2, 2 z2 

>1, 'AV 8 


i[240/>) + ^o 2 )] - - £G" + AV 

40/) - iF 2 ^ - + f Ao" 

i[240/) + 40 4 )] - ffiV* - YG/ + *V 
*[2400*) + 40/)] - *//’ - Wx p 
40/) - W - Y G x " + iV p 
i[240/) + 4(/)] - W^ pp - IG/ + AV 
40/) - Y F,” - fG,** + iV p 
*[240*/) + A(f)\ - W*i» - \Gf - iW 
40/) - W p - IGx*” + £V P 

+ 240/)] - - f Gr + ,W P 

H2 A(sY> + AijA)) + &F 2 ™ - fa" - AA,* 
H240*/) + 40/)] - iF,«" - *GY" 

40/) - W* - | G x " + IAq*” 
i[240 2 /) + 40/)] 


(iv) Digonal orbitals 

4 = ^ + *) 


ix,y 


Vi , 

d x dsxy 

40/) - 10 Ff* - 2G X " + fa" 

V 3 , 

d t xy 

}[A(sp*) + 40 s )] - 7F,” - fa" 

V„ 

d x i 4* 

s 

1 

■1 

1 

"1 

+ 

5 

Vs, 

dxd*xy 

il^W + 40/)] - IFF ~ WF 

V t , 

dxdgxpy 

40/) - 3 FF ~ f G x " + fa" ' ♦ 

Vs, 

dxdtxAy* 

40/) + |jy* - g x * + i V 

Vx, 


i[40/) + 40*)} + 2/Y* - iG^ 

Vt, 

d l t d 3 x t y i 

«40*/) + 40/)] 
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m¥) + A <P*)] “ W - 



iMW + Asf)} - }F” - IG& 


d x x 

\[A{sp) + A{f) ] - w p - i 

v» 

dfdtX 

*M(*y) + ^(j/)] - 

v* 

*A 

4(rp) + - Gi v 4 W* 

v» 

d i% 

4M0V) + A{sf)] 4 IFF - *<?!«■ 

V* 

d\xy 

yl(s/) - W* 4 4V> 

r, 2 . 

dA* 2 

4(r/) - f/V* - 2G/’ + iAo" 

r*. 

Valence states of 

dfdfxy 

Boron 

/(W - fA" 


Orbitals 


r i 12 

h 2 = ^ [(cos *)j - (sin «)z] -f J-x 

h 3 = ~ [(cos ol)s - (sin «)z] - ~ x + -~y 


V3 


1 


1 


hi = — [(cos 7 .)s - (sin a)z] - ^ * - — J- 


These orbitals range from trigonal hybrids (a = 0) to pure />-orbitals 



B, V 3 , h.Ji 3 hi ■ AQ J 3 ) sin 2 a 4 A(sfF) cos 2 a — + sm 2 a) 

- Gi p cos*a 4 §[V P 4- 4F 2 vv - 4C 1 " > ] cos 4 * 


B + , 

v» 

aa 

\Aijj 1 ) 4 §[4(p*)sin 2 a + A(sp) cos 2 a] — 

^”(1 4 2 sin 2 a) 




- IGS* cos 2 * + -AfAo* 0 4 4/V» 

— 46^*] cos 4 a 


V .„ 

A 2 2 A 3 A 4 : 

^(p 4 ) sm 2 a 4 4[4(r 2 /> 2 ) 4 2/4(sp*)] cos 2 a 


4AL f' 

- 

1 r ■ ■ ' ,<es 

- 4F t »»(19 4 62 sin*a) - IG”(19 4 15 sm 2 a) 

' 

f -x 

4 M\ ,p 4 4F 2 ” - 4Gr ][1 - 

8 sin 2 a 4 7 sin 4 a] 


** 

MA*4 • 

sec N + , K^, ^1^2^364 



Valence states of Nitrogen 


Orbitals 


f Aj = (sin «)j 4 (cos «)z 

1 /2 

A 2 = — [(cos *)r - (sin oc)z] 4 ^ - x 

h» — [(cos a> - (sin a)z] - ^x + -~y 


A 4 == -75 [(cos «)j 
V 3 




v A,, A g and h t are equivalent orbitals 

lliebondangles 0(AA) and 0(AgAj) for different values of a, and the ‘'bonding power” 
; of the orbitals S^Aj) and S(Ag) are listed below (bonding power is defined by Pauling' 17 *) 

ft , 1 ? 



N, 

v» 

N f , 

V* 

N-, 


N+, 

v t . 

N H 

, v» 

N, 

V„ 


, V ri a p c ft i mm of boron, carton. aitroywand oxygen 

■** h i r- >. 






VWi 

VMs 

vw. 

WAi 

h^h^h-t 

*AVi 


a 

*CMi) 


m !> 

£(A.) 

0 

90° 

120° 

173 

1-99 

w/6 

109°28' 

1Q9°28' 

2-00 ' 

200 

w/4 

116°34' 

101 °32' 

1-93 

199 

v/3 

it/2 

121.!2?' n 

Omfr , 

- V 1 

95°is' 

90 3 

1 73 
1-00 

1-93 

1 73 

J 

4(r 2 /4) sin 2 a 

4- A(sp*) 

cos 2 * - 

7 j J 

- /^™(f 4 sin 2 *) 


G^® cos 2 a + |[A 0 "‘ + 4/iap — 4^!*®] cos 4 a 
4(r 2 /i 2 ) s > n2a + i[2/4(i^) + ^(/t 4 )] cos*a 

4- F 2 ®*(6A + 3 sin 2 *) — G^ cos 2 a 

+ A[A 0 *® + 4F 2 ®® - 4G 1 *®][1 - 8 sin 2 * + 7 sin 4 *] 
|i4(s a /> 4 ) + sin 2 a + 4(p e ) cos 2 *] 

- F 2 ®®(V + ¥ sin 2 *) - fG^® cos 2 *_. 

+ iMAo*” + 4F 2 ®® - 4G 1 *®][sin 4 a + 4 sin 2 a - 5]- 
A(sf) - 10|F 2 ®® - l^Gj*® 

+ HAo" 4- 4F 2 ®® - 4G X *®][1 + sin 2 * - 2 sin 4 *] 
§A(sp 2 ) + WAisp 1 ) sin ! a + A{j?\ cos 2 a] 

- F 2 ®®[« ~ l sin 2 *] -'G^tf + i sin 2 *] 

+ iVAfl*® + 4F 2 ®® - 4G,*®][1 + 4 sin 2 * - 5 sin 4 *] 
A(sp 4 ) sin 2 * -f- $[4(r 2 /4) 4 2 A{spA)] cos 2 * 

- F 2 ®®[»* - 1 sin 2 *] - Gj'®[| 4- i sin 2 *] 

4 4F 2 ®® — 4Gj*®][l 4- 4 sin 2 a — 5 sin 4 a] 


+ 


iW 


Valence states of Oxygen 


Orbitals 


h l — —[(sin a)s 4 (cos a)x -f z] 
V 2 

h 2 = -i-[(sin a)s 4- (cos a)x — z] 

V 2 

h 2 = -rr[(cos *)r - (sin a)* 4- y] 

V 2 

h t = — [(cos a )s - (sin tx)x - y] 
V 2 


K and h 2 are equivalent orbitals: so are and /i 4 

The bond angles 0(Ma) an< i for different values of a, and the bonding power 

of the orbitals, S(hi) and S(h s ) are listed below: 


QC 

01V,) 

0(M«) 

S(A,) 

5(A.) 

0 

9o/ 

180° 

1 73 

193 

77/6 

9W12' 

126°52' 

1-97 

1-98 

W4 

109°28' 

109°28' 

200 

200 

t/3 

126°52' 

98°12' 

198 

1-97 

»/2 

180° 

90° 

1-93 

1 73 


V 2 > sin 2 * 4- A{sp 6 ) cos 2 * — JF 2 ®® sin 2 a — $Gj*® cos 2 * 

+ i[A 0 *® 4- 4F 2 "® - 4Gj*®] cos** 
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o + , 

V» 

W*. 

O-, 

Vy, 


0+ 

v a . 

VWi 

o*+, 

v t , 

W>3 

O, 

v» 

Wa* A i 


A(?f) sin*a + + A (?)] cos** + Ff»(2 - 5 sin**) 

- W cos** - MV + 4 Ff* - 4G^] sin** cos** 
A(s*?) sin*a + i[A(s*?) + A(s?)] cos** 

\[A{sY) + A(s?)\ sin** + ^Op 4 ) cos** - fF t »( 1 + sin 8 *) 
- (1 - i sin**) + MV + 4/V* - 4G 1 **][1 - s in 4 *l 

i[A(s?) + A(?)] + JMW - A?)) sin** 

- + 8 sin**) - IGf 

- MV + 4F 2 ” - 4<?/’] sin*a cos 8 * 
m*Y) + A{s?)] - lFf> - W 

4- MV + 4 FS* - AGS’] sin*a cos 8 * 
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THE PREPARATION AND CHARACTERIZATION 
OF TRI-N-PROPYL-, TRI-ISOPROPYL- AND 
TRIVINYLG ALLIUM * 

J. P. Oliver and L. G. STEVENsf 
Department of Chemistry, Wayne State University 
Detroit 2, Michigan 

(Received 4 January 1962, in revised form 12 February 1962) 

Abstract—The preparation of three triorganogallium compounds is described in detail. The reaction 
of divinyl- and diallylmercury with gallium metal has been found to occur readily at room temperature 
unlike dialkylmercury compounds which require elevated temperatures before reactibn occurs. 

The compounds prepared have been characterized by their infra-red spectra, vapour-pressures, 
and melting points; and also, by the reactions with acid solution, iodine, trimethylamine, and am¬ 
monia 

Cryoscopic measurements show tnvinylgallium exists as the dimer and a structure is postulated 
for this molecular species The two tripropylgallium compounds are shown to be monomeric in the 
vapour state. 

Thf preparation of trialkyl gallium compounds was first reported in 1932 by Dennis' 1 ' 
and by Renwanz' 21 . Trimethyl- and triethylgallium etherates were obtained from the 
reaction of the appropriate Grignard reagent on a solution of gallium trichloride in 
ether Two methods were soon devised for the preparation of the ether free 
compounds; these methods are described by the following equations: 

3HgR 2 + 2Ga — 2GaR s + 3Hg 
2GaCl 3 + 3ZnR g — 2GaR* + 3ZnCJ 2 . 

Both reactions were originally reported to form trialkylgallium compounds only when 
heated to reflux temperatures.' 1 - 3 ’ Recently divmylmercury has been reported to react 
with gallium metal at room temperature to produce ethylene and a vinylmetallic 
compound' 4 ’ A more complete study has shown that trivinylgallium is produced by 
this reaction 

The exchange reaction 

3A1R 3 + GaCl 3 —► GaR s T 3A1R 2 C1 

has also been used for the preparation of trialkylgallium compounds but has not been 
described m detail.' 8 ’ 

* This work was supported by the National Science Foundation Grant, N S F.-G-15829, and by 
a Frcdric-Gardner Cottrell Grant from the Research Corporation, it was presented in part at the 
)40th National Meeting of the American Chemical Society 

This work was taken in part from the Ph.D Thesis of L G Stevens, Wayne State University, 

L M - Dennis, and W. Pantode, J Amer Chem Soc. 54, 182 (1932). 
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The work so far cited provides several excellent procedures for the preparation of 
organogallium compounds, there is, however, little information concerning the 
physical and chemical properties of compounds other than trimethyl- and tnethyl- 
galliumd 7- * 1 

The current interest in the catalytic activity of the Group III tnalkyls, i.e., those of 
boron and aluminium, has lead us to undertake an exploration of the physical and 
chemical properties of simple triorganogallium compounds in the hope that they may 
prove useful in this area of research. This paper constitutes a report on the prepara¬ 
tion of two previously unreported compounds, tri-n-propyl- and tri-isopropyl- 
gallium and a brief characterization of them by some of their physical and chemical 
properties, as well as a more complete discussion of the preparation and properties of 
trivinylgallium. 

EXPERIMENTAL AND RESULTS 

Apparatus. All reactions were carried out in standard high vacuum apparatus or 
under a nitrogen atmosphere being kept free of oxygen and water as required by the 
reactivity of these compounds. Further, this was required when handling trivinyl¬ 
gallium because of its vile and clinging odour and by the toxicity of the organo- 
mercury compounds. 

Materials The gallium and gallium trichloride used were reagent grade obtained 
from Fairmount Chemical Company. The di-n-propylmcrcury, di-isopropylmercury, 
and divinylmercury were synthesized by the reaction of an excess of the appropriate 
Grignard reagent with mercuric chloride. 

A minor modification of this procedure found useful in this laboratory was to 
dissolve the mercuric chloride in tetrahydrofuran. The solution was then added 
through a dropping funnel to the Grignard reagent, thus eliminating the soxhlet 
extractor normally used. This procedure was found useful in the preparation of these 
mercury compounds. The mercury compounds were purified by repeated fractional 
distillation and identified by vapour-pressure. The infra-red spectra were taken and 
showed that no ether was retained in the mercury compounds. 

Tri-n-propylgalhum. The reaction of di-n-propylmercury with gallium metal was 
carried out using 111 mmole of Hg(n-C 8 H 7 ) 2 with 7-43 mmole of gallium metal This 
provided a very small excess of gallium metal. The reaction mixture was sealed into a 
glass tube and heated on a steam bath for 3 days, then cooled in ice-water with 
resultant solidification of the metal indicating that the reaction had not proceeded to 
a great extent. The reaction mixture was then heated at 150°C for 15 hr. The reaction 
products were transferred to the vacuum line for analysis and separation 

A small amount of gas which was noncondensable m liquid nitrogen was found, 
most likely, hydrogen. In addition, substantial amounts of propane and propylene 
were obtained. The remaining heavy material was used without further purification 
in the following experiments and constituted a yield of approximately 80 per cent 
The reaction of n-propylmagnesium bromide on gallium trichloride was also used 
to prepare tri-n-propylgallium. * This reaction proved less satisfactory, however. 

• This method for the preparation of tri-n-propylgallium has recently been reported in the litera¬ 
ture, but no details of preparation were included “ 0I 
m G. E. Coates, J. Chem Soc 2003 (1951). 

"" G. E. Coates and R. G. Hayter, J. Chem. Soc. 2519 (1953). 

G. E. Coates, Organometallic Compounds (2nd Ed.). J. Wiley, New York (1960) 

,101 H. Hartmann and H Lutsche, Naturwissenschaften 48, 601 (1961). 
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yielding a product difficult to separate from the ether which was used as a solvent. 
The acid hydrolysis, of the partially purified product, carried out as described below, 
eave a propane to gallium ratio of 2-9:1 for this product. 

Tri-isopropylgallium. Due to the success of the metal exchange used m the pre¬ 
paration of the tri-n-propylgallium, this was the only procedure used in the preparation 
of tri-isopropylgallium. In a reaction tube 2-26 mmole of gallium metal was placed 
and 1 45 mmole of di-isopropylmercury was distilled into the tube. This was sealed 
off and heated in an oil bath at 150°C for 8 hr. The tube was then reattached to the 
vacuum line and products transferred into it for separation and analysis. 

A considerable amount of hydrocarbons, consisting largely of propane and 
propylene were removed by fractional distillation. The purified product represented 
a 75 per cent yield of tri-isopropylgallium. 

Trivinvlgalltum. Three different methods have been tried for the preparation of 
trivinylgallium. The first, the reaction of sodium vinyl and dimethylgaflmm chloride 
proved to give complex reaction products containing trace amounts of volatile gallium 
compounds. The second, the reaction of vinylmagnesium chloride with gallium 
trichloride in ether, provided small amounts of volatile gallium compounds which 
upon hydrolysis yielded ethylene. The low yields of these reactions, however, made 
them impractical. 

The third method for the preparation of trivinylgallium was the reaction of divinyl- 
mercury with gallium metal. In this case divmylmercury was distilled into a reaction 
\ essel containing an excess of gallium metal and the reaction carried out at room tem¬ 
perature. Best results were obtained when the reaction mixture was allowed to stand 
for 12 hr and then stirred with a magnetic stirrer m the presence of broken glass for 
approximately 4 hr A typical reaction was carried out using 1 -20 g of gallium metal 
and 3 86 g of divinylmercury. The purified product from this reaction weighed 1-31 g 
winch represents a yield of 87 per cent based on the divinylmercury used m the 
reaction. 

It should also be pointed out that when very carefully purified divinylmercury is 
used and all air and moisture is rigorously excluded, no ethylene is evolved during the 
course of the reaction as had previously been found. (5) 

The product was purified by downward flow of the vaporized reaction products 
through a trap designed for fractional crystalization. This trap was maintained at 
— 23°C allowing the trivinylgallium to crystallize on the sides of the tube, while, the 
divmylmercury drained into the bottom of the trap and could then be distilled away. 
Material purified in this manner contained no impurities detectable by mass spec¬ 
trometry and was used in the subsequent reactions. 

Triallylgallium has also been obtained by the reaction of diallylmercury under the 
conditions used for the preparation of trivinylgallium * The details of this preparation 
and the properties of triallylgallium will be discussed in a subsequent paper. 

Analysis. Samples of the gallium compounds were distilled from the vacuum line 
into weighted tubes, equipped with stopcocks and standard tapper joints, which were 
then reweighed providing an accurate method for determination of the sample size. 
Ihen the tube was reattached to the vacuum line and approximately 1 ml of either 
water or 6N hydrochloric acid was distilled into the vessel to hydrolyse the sample. 

* Triallylgallium has also been prepared in this laboratory by the reaction of allyl Grignard reagent 
on gallium trichloride. 
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It was found that the aqueous hydrolysis was quite slow and did not go to com¬ 
pletion in a reasonable time unless the lower portion of the reaction vessel was heated 
in a bath maintained at 100°C causing the reaction to take place under reflux con¬ 
ditions. Even then, it required 48 hr for complete hydrolysis of a sample of trivinyl- 
gallium. The acid hydrolysis is considerably more rapid in all cases, but required 
heating to drive the reaction to completion in less than a day. The complete reaction 
proceeds according to the equation: 

GaR s + *H 2 0 + 3H+ — Ga(H 2 0) x *+ + 3RH. 

The hydrolysis of tri-n-propyl- and tri-isopropylgalhum was even more difficult to 
drive to completion requiring prolonged periods of heating in acid solution. The gas 
evolved during the hydrolysis was transferred to the vacuum line and its quantity 
determined in a standard volume. The results of the hydrolysis experiments are given 
in Table 1. The gallium analysis* 111 was earned out by titration with potassium ferro- 
cyanide while the evolved gases were identified by their infrared spectra.* 121 Ethylene 
was produced on the hydrolysis of trivinylgalhum and propane was obtained from the 
two propyl derivatives. In all cases, the purity of the gas was determined by use of 
gas-liquid chromatography. 

Table 1 —Products from the hydrolysis of the 

OROANOGALLIUM COMPOUNDS 


Evolved gas (mmole) Gallium (mmole) 
Sample Calc Found Calc Found 


Trivinylgallium 

23 4 mg (HC1) 

0 465 

0 461 

0 155 

0 146 

42 5 mg (H a O) 

0 842 

0 835 

0 281 

0 257 

Tri-n-propylgallium 

72 5 mg (HCI) 

1 092 

1 105 

0 364 

0 356 

Tri-isopropylgaliium 

119 5 mg (HCI) 

1 803 

1 751 

0 601 

0 564 


Reactions with halogens. In addition to the above analysis, samples of the tri-n- 
propyl- and tri-isopropylgaliium were reacted with iodine and chlorine in an effort to 
further substantiate their structures by the production of the corresponding halogen- 
ated alkyls. 

The reaction with iodine was performed by distilling a sample of either tn-n- 
propyl- or tri-isopropylgaliium into a tube which was then attached to an apparatus 
containing iodine. This was so arranged that the iodine could readily be sublimed into 
the reaction vessel which was immersed in liquid nitrogen. When a known quantity 
of iodine had been sublimed into the reaction vessel, it was allowed to warm to room 
temperature and tipped so that the gallium compound could come in contact with the 
solid iodine. ThegaUium compounds dissolved the iodine givmga brown solution which 
was decolourized in 5-10 min when an excess of the gallium compound was present 
The resulting alkyl iodides which were produced in nearly quantitative yield were 
identified by their infra-red spectra and shown to be n-propyl iodide from tri-n- 
propylgallium and isopropyl iodide from tri-isopropylgaliium, substantiating the 
formulation of the compounds. 

R. Belcher, A. J. Nutten and W L Stephen, J. Chem. Soc. 2438 (1952). 

11,1 R. H. Pierson, A. N. Fletcher and E. Gantz, Analyt. Chem. 28, 1218 (1956). 
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Chlor ic was also reacted with tri-isopropylgallium, but in this case the reaction 
did not proceed quantitatively to produce gallium trichloride and isopropyl chloride 
but produced isopropyl chloride as well as some other chlorinated products and a 
black residue. The reaction proceeded in this general fashion even when stoichemetric 
amounts of chlorine were added to tri-isopropylgallium, cooled with liquid nitrogen, 
and allowed to warm very slowly to room temperature. 

Physical properties. The melting points of trivinyl- and tri-n-propylgallidm and 
trial lylgalhum have been determined by the Stock method and are given in Table 2 
with melting points of trimethyl- and tnethylglallium for reference. The melting point 
of tri-isopropylgallium is below — 100°C, but was not determined precisely. 


Table 2 —Melting points of several 

TRISUBSTITUTED GALLIUM COMPOUNDS 


Compound 

m.p. (°Q 

Trivinylgallium 

-9 0 ± 1° 

Trimethylgallium 1181 

-15-70—15 9° 

Triallygallium 

-72 0“ ± 1° 

Tnethylgallium' 1 ” 

-82-3° 

Tri-n-propylgallium 

-85-2 ± 1° 

Tri-isopropylgallium 

Below —100“ 


The vapour-pressure of tri-n-propyl-, tri-isopropyl-, and trivinylgallium were 
determined over the temperature range 25-100°C and are given by the equation 
logm P mm = — A/T + B. The values for A and B are given in Table 3; the calculated 
heats of vaporization are also included. The two tripropylgallium compounds were 
found to be stable over the temperature range used, however, trivinylgallium started 
to decompose at approximately 60°C to a brown oil and a mixture of hydrocarbons. 


Table 3 —Vapour-pressure and heats of vaporization for 

TR1V1NYL-, TRI-N-PROPYL-, AND TRI-ISOPROPYLGALLIUM FOR THE 
EQUATION {logio Pmm = - A/T + B) 



A 

B 

A//vap kcal/molc 

Trivinylgallium 

3790 

12 12 

17 4 

Tri-n-propylgallium 

2567 

8 510 

11 7 

Tn-iso-propyigallium 


8 637 

11 7 


Molecular weights. The gas phase molecular weights of tri n-propyi- and tri- 
isopropylgallium were determined and found to be within experimental error of the 
molecular weight of the monomer, calc. 198 99. Repeated efforts to determine the gas 
phase molecular weight of trivinylgallium resulted in failure due to its low vapour- 
pressure and its tendency to undergo polymerization. Cryoscopic measurements in 
cyclohexane, however, clearly show that this compound exists as a dimer in solution, 
calc mol. wt 301-72. The average molecular weight determined from three in¬ 
dependent experiments was 302. 

Injra-red spectra. The infra-red spectra of trivinyl-, tri-n-propyl- and tri-isopropyl- 
gallium are recorded in Table 4. These spectra were taken in carbon ♦etrachloride 
solution using a Beckman I.R. 4 Spectrophotometer. 

11 ^ Wiberg, T, Johnnsen and O. Stecher, Z Anorg. Chem 251, 114 (1943). 
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Table 4 -Infra-red spectra of several organogaluum 

COMPOUNDS 


Ga(CjH»), 

(cm- 1 ) 


Ga(nC,H : ), 

(cm -1 ) 


Ga(iC,H,)« 

(cm -1 ) 


3013 

m 

2936 

s 

2935 

s 

2935 

m 

1464 

m 

2857 

s 

2909 

m 

1425 

w 

1468 

m 

1394 

s 

1379 

w 

1385 

m 

1264 

w 

1333 

w 

1162 

w 

1042 

m 

1063 

s 

1122 

m 

1017 

s 

1022 

w 

1063 

w 

981 

m 

982 

m 

988 

w 

952 

s 



959 

m 





875 

w 


Reaction with air. The 5 per cent carbon tetrachloride solutions used for the infra¬ 
red measurements were opened to the air. No immediate reaction appeared to take 
place, however, between 30 and 60 min later the solutions of the tnpropylgallium 
compounds became cloudy. After standing overnight a white crystalline precipitate 
formed. Trivinylgallium reacted more slowly requiring several hours of exposure to 
the atmosphere before any cloudiness appeared and one to two days for complete 
precipitation of a white crystalline material. These products are now under investi¬ 
gation but have not yet been rigorously identified. 

Reactions with ammonia and Trimethylamme. A known amount of ammonia or 
trimethylamine was distilled into tubes containing weighted samples of the gallium 
compounds. The tubes were then closed off, warmed to room temperature for several 
minutes and cooled with a dry-ice-acetone bath The tubes were then reopened to the 
vacuum line and the excess reactant distilled away and measured. In all cases, the 
initial uptake of amine corresponds to the formation of 1.1 addition compound All 
of these products were liquid at room temperature and the vapour pressures were 
Jess than 1 mm at 25°C 

The trimethylamine compounds were quite stable toward hydrolysis or reaction 
with the atmosphere, as were the ammonia adducts. However, the ammonia addition 
compounds slowly decomposed at room temperature with evolution of hydrocarbon 
and the formation of a new gallium compound 

DISCUSSION 

All of the physical and chemical data support the assignment of the formulas ol 
tri-n-propylgallium and tn-isopropylgallium. In particular these structures are 
supported by the formation of the corresponding iodides from the reaction of iodine 
with the compound in question. Also the infra-red spectra of the parent compounds 
are compatible with this assignment.' 14 ' The considerable amount of decomposition 
which occurred in the preparation of both tri-propyigaliium compounds leads one to 
suspect that rearrangement might have occurred and the infra-red spectrum does not 
rule out this possibility. However, as noted earlier, the essentially quantitative 
formation of the corresponding alkyl iodides from these compounds demonstrates 
that little rearrangement took place. 

,ul L. J. Bellamy, The Infra-red Spectra of Complex Molecules, I Wiley, New York (1954) 
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The trivinyigailium has been characterized from its infra-red spectrum which 
dearly indicates the vinyl substituent 14 ' 161 and from its quantitative hydrolysis to 
ethylene and Ga s+ . In addition, the nuclear magnetic resonance spectrum has been 
obtained and indicates that the three vinyl groups are equivalent.* A complete 
analysis of this spectrum will be given at a later date. 

It is suggested from several different physical measurements that trivinyigailium 
exists as a dimer or higher polymer in liquid phase, in solution, and in the solid .state. 
The evidence supporting this is as follows: 

(1) Trivinyigailium has a very high melting point (—9°C) compared to tnethyl- 
gallium (—82-3) but quite similar to that of trimethylgalhum (—15-8). 

(2) The vapour-pressure of trivinyigailium is considerably lower (0-8 mm ±0-1 
at 25 °C) than that of triethylgalhum (6-8 mm at 25°C). 

(3) Cryoscopic measurements in cyclohexane indicate that the molecular weight 
is 302. 

These data show conclusively that trivinyigailium exists as a dimer in solution and 
suggest that in the pure liquid and in the solid state it occurs as a dimer or more highly 
associated species. Unfortunately, little information is available on the molecular 
structures of gallium compounds except that there is some evidence for association of 
trimethylgalhum in the liquid state <17) and for the association of triethylgalhum in 
benzene solution/ 1 ' Comparing vapour-pressures and melting points of these two 
compounds with trivinyigailium provides strong circumstantial evidence for molecular 
association in both liquid and solid trivinyigailium. 

The structure of the dimer is most likely similar to that known for the aluminium 
alkyls with the bridge bonding carbon atom 



ch 2 

HjCHC 

II /H 

C x CHCH. 

Ga' / Ga. 

/ 

\ / \ 

h 2 chc 

C CHCH. 

/\ 


ch 2 h 


however, the possibility exists for the bonding to occur between the vacant />-orbital 
on the gallium and the 7r-electrons in the vinyl group. The present data does not 
allow a distinction to be made between these two possibilities. 


* The equivalence of the three vinyl groups as demonstrated bynmr is not anticipated from the 
proposed dimeric structure However, this can be explained on the basis of a rapid equilibrium in¬ 
volving the exchange of the vinyl bridge groups with the terminal groups regardless of whether this 
equilibrium is inter- or intra-molecular A similar equivalence of bridging and terminal alkyl groups 
has been demonstrated for the dimer of trimethylaluminum at ambient temperature < 1 * 1 


11,1 (a) H D Kaesz and F. G A Stone, Spectrochim. Acta 15, 360 (1959), (b) H D. Kaesz and 
T G A Stone, OrganometalUc Chemistry, Amer. Chem. Soc. Monograph No 147 (Edited by 
H Zeiss, p 88-149 Reinhold, New York (1960) 

N Muller and D E. Pretchard, J Amer Chem Soc 82,248 (1960); S Brownstein, B C 
Smith, G Erlich and A W Lambengayer, Ibid 82,1000(1960); M P. Groeneweue, J Smidt 
and H de Vries, Ibid 82, 4425 (1960) 

L H Long and J. F Sack man, Trans Faraday Soc 54, 1797 (1958) 
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Furthermore, it should be noted that there is a great disparity in the ease of 
preparation of the triorganogailium compounds from the corresponding mercury 
derivatives. In the case of the saturated hydrocarbons the reaction takes place only 
at elevated temperatures, while for the vinyl and allyl compounds reaction occurs 
readily at room temperature. 

There are two possible explanations for this depending upon the mechanism of 
reaction. In the event of a radical reaction the ease of formation of the hydrocarbon 
free radical will be the determining step. This appears quite reasonable since the 
thermal decomposition of the mercury compound produces the corresponding free 
radical and reaction of the mercury compounds with gallium occurs near the de¬ 
composition point. The lack of radical rearrangement products makes this explana¬ 
tion somewhat dubious. 

The second explanation can be given assuming that the reaction occurs between 
an electrophilic gallium atom and the carbon-mercury bond. In this case the polarity 
of the bond will influence the ease of reaction. This will increase greatly between the 
saturated mercury compounds and the unsaturated derivatives again providing a 
qualitative explanation in agreement with experiment. This explanation is further 
supported by work on other metal exchange reactions m which retention of con¬ 
figuration is observed, indicating a substitution mechanism. (15b) Neither of these 
explanations can be eliminated, however, until further work is carried out on gallium- 
mercury systems 

Acknowledgements—The authors wish to thank Mr C M Smith for the preliminary work on the 
preparation of tri-n-propyl- and tri-isopropylgallium, and Dr. M T Emerson of Florida State Uni¬ 
versity for the determination of the n m r spectrum of trivinylgallium. 
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STUDIES IN HEAVY METAL SOAPS—II (1 > 

MOLECULAR WEIGHTS OF ALUMINIUM SOAPS 

R. C. Mehrotra and A. K. R^j, f 

Chemical Laboratories, University of Gorakhpur, Gorakhpur, India 
(Received 8 December 1961) 

Abstract— The molecular weights of some aluminium soaps have been measured in various organic 
solvents The tn-soaps were found monomeric mono, the alkoxy soaps dimeric and the mono and 
di-chlonde soaps tri-meric in solution Probable structures have been suggested for the compounds. 

The aluminium soaps prepared by metathetic reactions between aluminium salts and 
sodium soaps in water are hydrolysed products and are characterized bytheir strong 
gelling tendency in hydrocarbon solvents. It was believed* 2 - 3 ’ 41 that the gel structure 
arose from hydrogen bonding, <s - 8 > ,) but infra-red <8) absorption studies have shown 
that no such bonds are present in hydrolysed aluminium soaps. The aluminium tri¬ 
soaps and also mono and di-isopropoxide aluminium soaps have been successfully 
synthesized recently by Pande and Mfhrotra* 91 . In a recent communication,* 10) the 
preparation of aluminium chloride soaps by the reaction between anhydrous alu¬ 
minium chloride and fatty acids in organic solvents has also been described. Not 
only the tri-soaps but the alkoxide as well as chloride soaps have been found to give 
mobile solutions m benzene, showing a low degree of molecular association. This is 
in agreement with the actual observations of Gilmour et a/.* 11 ' on the cryscopic 
molecular weights of aluminium tri-laurate and tri-stearate in benzene: 


Aluminium 

Cone 

0 16 

0 35 

0 58 

0 94 

1 27 

J 77 

2 39 

Tri-laurate 624 (Calc ) 

Mol wt 

652 

702 

730 

692 

726 

802 

954 

Aluminium 

Cone 

0 56 

1 0 

1 46 

1 82 

2 23 



Tn-stearate 877 (Calc ) 

Mol wt 

1547 

1214 

1525 

1566 

1427 




However, these data do show some degree of dimerization which is marked much more 
in the case of aluminium stearate From purely steric considerations and the observed 
behaviour of alkoxides,* 12 ' the tendency to association should decrease with increase 
in the alkyl chain length 

In view of the above, it was considered worthwhile to reinvestigate the degree of 
molecular association shown by the aluminium tn-soaps and the chloride and iso- 
propoxide products. 

R C Mehrotra and A K Rai, J Inorg Nucl Chem In Press. 

11 S B Elliot, Alkaline Earths and Heavy Metal Soaps. Reinhold , New York (1946). 

R G Bossert, J Chem. Educ 27, 10 (1950) 

141 I - J Licata, Metallic Soaps. Metasap Chemical Company, New Jersey (1940). 

' T S McRoberts and J. H. Schulman, Proc. Roy Soc. A 200, 136 (1950) 
ltlJ w McBAiNandW L McLatchie, / Amer Chem. Soc 54,3266 (1932) 
v R. Grey and A E Alexander, J Phys. Colloid Chem 53, 23 (1949). 

B A E Leger, R, L. Haines, C E. Hubley, J. C. Hyde and H. Sheffer, Canad J . Chem 35, 799 
U957) 

R C Mehrotra and K C. Pande, J Inorg. Nucl Chem 2, 60 (1956). 

( n R c Mehrotra and A, K. Rai, J. Ind Chem. Soc In press 
Gilmour, Jobling and Nelson, J . Chem Soc 1972 (1956). 

‘ R C Mehrotra, J . Ind. Chem. Soc 30, 585 (1953). 
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la the Table 1 are given the results of the observed molecular weights in benzene, 
carbon tetrachloride and n-hexane. From approximate straight lines (Figs. 1,2 and 3) 
obtained on plotting resistance against the weight of the solute (up to about 0*6 g of 
the compound per 16 ml of the solvent) added, it can be concluded that molecular 
association is independent of the concentration in the range studied. The tri-soaps are 
all monomeric, whereas the isopropoxide and chloride soaps show dimeric and tri- 
meric association respectively in all the three solvents. 

Table 1 


Name of the 
compound 

Molecular formula 

Molecular 

weight 

Molecular weight found 

calc 

Benzene 

Carbon tetra 
chloride 

n-Hexane 

Aluminium tri- 
laurate 

AI(C„H S3 COO) 3 

624 

618 

628 

- 

Alummium tri- 
palmitate 
Alummium tn- 
behnate 

Al(C 15 H 31 COO) 3 

792 

772 

800 

816 

Al(C 21 H 43 COO) 3 

1044 

— 

1085 

- 

Aluminium mono- 
lsopropoxy Di- 
behnate. 

AI(Opr')(C 31 H 13 COO) 3 

764 

1535 

1532 

1524 

Aluminium di- 
lsopropoxy mono- 
behnate 

Al(Opr') 2 (C 21 H 43 COO) 

484 

958 

980 


Aluminium di- 
chlonde mono- 
behnate 

A1C1 3 (C 3 ,H i3 COO) 

437 

1342 

1305 

1322 

Aluminium mono- 
chloride di- 
palmitate 

AlCI(,C 11 ,H 31 COO) 3 

572 5 

1782 

1791 


Aluminium mono- 
chloride di- 

A1C1(Ci,H 23 COO). 

460 5 

1332 

1366 



Iauratc 


In view of the above results, following structures may be suggested for the iso¬ 
propoxide (1 and 2), chloride (3 and 4) and tn-soaps (5). 
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The above structures also explain the observation that in the reaction of aluminium 
isopropoxide and chloride with excess fatty acids, two isopropyl radicals or chlorine 
toms are removed with much greater ease than the third. This is confirmed by the 
n eat changes observed in the reaction of aluminium secondary butoxide with fatty 



Cone g/16 cm 3 of benzene 

Fig 1 —AA—A1(C 15 H s ,COO), SS—Naphthalene 

BB -AKQ.HnCOO), EE—AICI(C,iH s ,COO) s 

CC—AI(Opr)(C, 1 H„COO), FF—AlCi(C I ,H„COO) ! 

DD—Al(Opr')i(C,iH 4J COO) GG—A1C1 ,(C*iH 4J COO) 

acids, when the reaction is known to be exothermic up to the addition of two moles of 
the fatty acids to per mole of the butoxide (7) 

In all the above structures, aluminium has achieved co-ordination number four. 
Alternative structures could be written in which aluminium would have coordination 
number five or six. For example, the structure of mono-isopropoxy aluminium di- 
alkanoates could be represented as 



p,i 


The chelating properties of alkanoate radicals were suggested by Sidgwick 113 ’, but 
were discarded due to the strain involved in a four membered ring. Evidence for the 

' N V Sidgwjck, The Chemical element and their compounds Vol 1, pp 524. 
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Cone g /16 cm 3 of carbon lelro chloride 


Fig 2 — A A—Al(Ci 6 H jiCOO), SS—-Naphthalene 

BB-Al(C„H„COO), FF—Aia(C„H ls COO), 

CC—AI(C 2 iH 4 ,COO), GG—A1CI(C 16 H si COO) 2 

DD—AJ(Opr‘)(C !1 H 1J COO) 8 HH-AICl,(C, 1 H ls COO) 

EE-AKOpr'MC,, H„COO), 

presence of these chelate rings have been found by Lacomte and coworkers (14) from 
infra-red studies in formates, acetates and other fatty acid soaps. Similar evidence lias 
been found by Honig and Singleterry ( 1j) in alkali and alkaline earth phenyl stearates 
and by Kuntzel' 184 in chromium-fatty acid complexes. Sheffer and coworkers' 8 ’ 
have also assumed such chelation in aluminium soaps. A possible explanation for _ 
the monomeric nature of aluminium tri-soaps has to be sought in a structure of 
the type: 



In the alkoxides 1124 and /?-diketone derivatives, 1174 of aluminium, the predominance of 
four-co-ordinate aluminium m determining the properties of these compounds is quite 
evident. For example, derivatives like the dichlonde or diethoxide monoacetyl- 

c. Duval, J. Lacometb and F Douvuxe, Ann Phys 17, 5 (1942). 

1151 J. C. Homo and C R Singletery, J Phys Chem 60, 1114 (1956) 

' 1, ’ A. Kuntzel, H Erdmann and H. Spahrkas, Das Leder, 4, 73 (1953), 3, 30 (1952) cf Chew 
Abstr. 47, 12087f (1953). 

R. K. Mehrotra and R C Mehrotra, Canad J Chem 39, 795 (1961). 
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Fig 3 — AA—AKAsHj.COOH), CC- AICI,(C„H„COO) 

BB—Al(Opr‘)(C,iH 4 ,COO), SS—Naphthalene 


acetonate of aluminium have been shown to be monomeric and given the structure: 



Any tendency to association of such derivatives would be due to six four-co¬ 
ordinate changing to six-co-ordinate aluminium. It is possible that even in aluminium 
tri-acetylacetonate and tn-alkanoate only tetravalency is achieved by partial chelation 
of the three attached groups. However, a final picture can be reached only after 
structural analysis. 

EXPERIMENTAL 

Aluminium tri-palmitate, tn-laurate, tn-behnate, mono-chloride di-iaurate, moiwx'hlonde di- 
palmitate and di-chlonde mono-behnate have been prepared by the reacUon of aluminium chloride 
(Judex) with the various fatty acids (Launc acid, B D H , distilled at 140 ± 0 5°/0 2 mm, palmitic 
aud, B D H , distilled at 182 ± l°/3-0 mm and behrnc acid, L Light and Co. Ltd.), dried at 80°/ 
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0-2 mm in different stdicheiometric ratios. The reactions proceed as follows: 

A1C1, 4- RCOOH -+ AlCi.(RCOO) + HQ 
AlClj + 2RCOOH — AlCl(RCOO), + 2HC1 
AlClj + 3RCOOH — Al(RCOO), + 3HCL 
or 

more 

The chloride soaps are very reactive to moisture, so extra precautions were taken to exclude moisture 
from the reaction mixtures The soaps were analysed for aluminium and chlorine by standard 
methods. The lower percentage of chlorine in the compounds have been discussed previously ll0 ‘ 

Table 2 


Name of the compound 

Molecular formula ■ 

Al(%) 

Cl(%) 

Found 

Calc 

Found 

Calc 

Aluminium tri-laurate 

AlfCuHs.COO), 

4 36 

4 33 

_ 


Aluminium tri-palmitate 

AI(C 15 H al COO) a 

3 39 

3 41 

— 

_ 

Aluminium tn-behnate 

AlfC^H^COO), 

2 57 

2 59 

— 

_ 

Aluminium mono-chlonde 

AICI(C,]H, 3 COO), 

5 79 

5 86 

6 96 

7 71 

di-laurate 

Aluminium mono-chloride 

AlCKCnH^COO), 

4 67 

4 71 

5 46 

6 20 

di-palmitate 

Aluminium di-chloride 

AlClj(Ca,H.,COO) 

644 

6 41 

15 62 

16 25 

mono-behnate 


Aluminium mono-isopropoxy di-behnate and di-isopropoxy mono-behnate were prepared by the 
reaction of aluminium isopropoxide and behnic acid in stoicheiometnc ratios 1,1 The isopropoxy 
content in the azeotrope and the compounds are determined by oxidation with chromic acid 1 *' 
The compounds gave on analysis 

Table 3 


Name of the compound 

Mnlpmlnr fnrmnla 

Al(%) 


Isopropoxy (°,J 

ivlUlCCUlcll lUllUUla 

Found 

Calc 

Found 

Calc 

Aluminium mono- 
isopropoxy di- 
behnate 

Al(Opr‘)(C ai H 4S COO)a 

3 58 

3 55 

7 05 

7 85 

Aluminium di- 

Al(Opr‘) 2 (C 2 i H ts COO) 

5 52 

5 58 

22 8 

24 4 


isopropoxy mono- 
behnate. 


The molecular weights of the lower alkoxy soaps were not measured because of their viscous 
nature. 

The molecular weights were determined with a semi-micro ebulliometer (Gallenkamp) using a 
thermistor The experimental techniques have been described previously 111 Sixteen ml of solvent 
was taken in the ebulbometer bulb A regular decrease in resistance with increase of solute concentra¬ 
tion in the solvent was observed (Figs 1, 2 and 3). Since the molecular weights are high, a graphical 
method was employed for the calculation of molecular weights The general formula M K WjR 
(where K is the constant for the solvent, W is the weight of the solute added and R is the decrease in 
resistance due to addition of solute W) reduces to M — Km (where m is the slope of the straight line) 
The constant ( K ) for benzene, carbon tetra-chloride and n-hexane was taken to be 77200, 91060 and 
167600, after several determinations, using napthalene as solute 

Acknowledgement —The authors are grateful to the Council of Scientific and Industrial Research, 
New Delhi, for a research fellowship to one of them (A. K. R) during the tenure of which the present 
investigations were carried out 
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Abstract—The effect of synergistic agents upon the extraction of M(1I1) lanthanides, Y(I1I), Am(lII), 
Cm(lll), Th(IV), and U(VI) by H,MEHP, mono 2-ethyl hexyl phosphoric acid, m a earner diluent 
Irom aqueous HC1 has been investigated as a function of carrier diluent, synergistic agent, concen¬ 
tration of H jMEHP and Z of lanthanides It was found that a plot of log K vs log (r-0-5) or 

log (r- 2), depending upon the synergist, is more meaningful than a plot of log K vs F or log F of the 
synergist, where r is the ratio, (F of synergist/F of H ,MEHP) For some elements as r increases from 
zero, K rises to a maximum (region of positive synergism), in others no positive synergism is noted. 
In each instance in which a maximum is found, the maximum becomes progressively more pronounced 
as the synergist is varied from n-decanol to TBP, tri-n-butyl phosphate, to TOPO, tri-n-octyl phosphine 
oxide In the negative synergism range, the limiting slope of the log K vs log (r-0 5) plot for all of the 
M(1I1) examples studied (TBP synergist, cyclohexane and toluene diluents) is —3 Similarly, the 
limiting slope of the log K vs log (r-2) plot (n-decanol synergist, cyclohexane diluent) is —3 for M(II1), 
4 for Th(IV) and —2 for U(VI) The extractant dependency for Eu(IIl) and Am(Ill) by H,MEHP 
in the absence of synergist is shown to be first power in toluene diluent and third power in n-decanol 
diluent 2-sludies in the diluents toluene, cyclohexane and n-decanol are included Tentative ex¬ 
planations of the negative synergistic effects are proposed in terms of assumed chemical interaction 
between synergist and H,MEHP, and possible applications of these effects are suggested. 

The extraction of M(III) cations from an aqueous mineral acid phase into an opposing 
phase consisting of a (GO)PO(OH) 2 extractant in a carrier diluent has been reported 
by two sets of investigators, employing two different diluents, with widely different 
interpretations Peppard, et al. a> using toluene as diluent (G: 2-ethyl hexyl and para 
(1,1,3,3-tetramethyl butyl) phenyl), reported the extractant dependency for Am(III) 
and Pm(lII) as first-power. Warren and Suttle !2) , using n-amyl alcohol as diluent 
(G n-butyl, n-amyl, n-hexyl, and n-octyl), reported the extractant dependencies (as 
deduced from the suggested extraction powers) for Sc(III) and for Y(II1) and La(III) 
as third-power and fourth-power, respectively. 

This discrepancy, coupled with the observations that the distribution ratio, K, for 
Pm(lll) in a specific (GO)PO(OH) 2 vs. mineral acid system is 300 times greater in a 
system employing toluene than in a system employing 2-ethyl hexanol as diluent* 3 ’ and 
that the K for Np(IV) in a specific (GO)PO(OH) 2 vs. H 2 S0 4 system may be decreased 
by a factor m excess of 10 4 by addition of tributyl phosphate, (4) led to an investigation 
of synergistic interactions involving mono(2-ethyl hexyl) phosphoric acid, H 2 MEHP, 
and hydrogen bond acceptor and donor molecules. 

* Based on work performed under the auspices of the U.S Atomic Energy Commission. 

"13 F Peppard, G, W. Mason, W. J Driscoll and R. J. Sironen, J lnorg. Nucl. Chem. 7, 276 
(1958) 

2 C G Warren and J F Suttle, J lnorg Nucl Chem 12 , 336 (1960) 

D F Peppard, G. W. Mason, W. J Driscoll and S McCarty, J lnorg. Nucl. Chem 12 ,141 
(1959) * 

141 D F Peppard, G. W. Mason and R J Sironen, J lnorg. Nucl Chem. 10,117 (1959). 
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EXPERIMENTAL 

Nomenclature 

Mono(2-ethyl hexyl) phosphoric acid, the primary extractant used throughout this study, is sym¬ 
bolized as H,MEHP in accordance with previous usage. 11 .*’ The symbols H, M, EH and P respec¬ 
tively indicate: a theoretically iomzable hydrogen, the prefix mono-, the 2-ethyl hexyl group, and 
phosphorus in an ortho phosphate. In this representation the molecular complexity of the extractant 
and extractant-diluent interactions are ignored. Similarly, TBP symbolizes tn n-butyl phosphate, 
(n-C 4 H,0),P0, and TOPO symbolizes tri n-octyl phosphine oxide, (n-C s H 17 )jPO. 

The distribution ratio, K, of a specific nuclide is defined as the concentration of nuclide in the 
upper divided by the concentration of nuclide in the lower of two mutually-equilibrated sensibly- 
unmiscible liquid phases 

The ratio of the concentrations, expressed in formality units, of synergist to H S MEHP is sym¬ 
bolized as r. 

Sources of materials 

A mixture of mono- and di(2-ethyl hexyl) phosphoric acids was obtained from Victor Chemical 
Works The mono ester, H.MEHP, was isolated as previously described,except that the procedure 
for eliminating pyro contaminants was modified, the contacting with 6M HC1 at 80°C being extended 
from an 8 hr to a 48 hr period 

Tnbutyl phosphate, (n-CiH,0) s PO, TBP, was obtained from Commercial Solvents Corporation 
and further purified as described previously 181 with the following modifications the number of scrubs 
was doubled and water was removed from the product TBP by evaporation at room temperature at 
reduced pressure using the rotating evacuated flask technique previously described in the purification 
of acidic organophosphorus compounds 151 

Tnsn-octyl phosphineoxide,(n-C,H 11 ) 3 PO,TOPO, was obtained from Eastman Organic Chemicals 
Department of Distillation Products Industries It was purified tn a manner similar to that employed 
in the purification of TBP A 0 IF solution of TOPO m benzene was stirred with an equal volume 
of 6M HC1 at 40“C in a sealed flask for 48 hr This benzene solution was then successively given 
(using equal-volume portions) two water scrubs, three 5%NajCO s scrubs, and six water scrubs 
The benzene and water were then removed under reduced pressure at room temperature 

Toluene, cyclohexane and n-decyl alcohol were obtained from Eastman Organic Chemicals De¬ 
partment of Distillation Products Industries 

The ^-active nuclides, 40 2 hr 140 La (with parent 12 8 day “"Ba), 285 day “*Ce, 2 6 year ,47 Pm. 
(13, 16) year m . 1H Eu and 58 day ”Y were obtained from the Isotopes Division of the Oak Ridge 
National Laboratory Daughter “"La was separated from parent “°Ba (and from contaminant ™Y 
daughter of parent “Sr present in the “°Ba sample) and *“Ce was separated, as Ce(IV), from con¬ 
taminant “’Pm by the liquid-liquid extraction techniques previously described 1,1 Liquid-liquid ex¬ 
traction was also employed in purifying “’Pm from residual quantities of “*Ce 17 ’ and “Y’ 8 ’ and in 
purifying “'Y 1 *' with respect to “’Pm contaminants 

The other /^-active lanthanides employed were prepared by neutron irradiation of samples ol 
highly purified stable normal isotopic mixtures with the exception of Pr and Ho In the preparation 
of “*Pr, highly purified natural cerium (as the ignited nitrate) was subjected to neutron bombardment 
to form “*Ce, disintegrating to “’Pr. The 13-8 day fl -active “’Pr was isolated from the bombarded 
samples by a liquid-liquid extraction technique based upon the differences in extraction between 
Ce(IV) and Pr(III) *” In the preparation of Dy tracer, secondary neutron capture by Dy led to the 
formation of 82 hr 1M Dy which has a 27 2 hr 188 Ho daughter. By differential counting, both Dy and 
Ho data were obtained in a single experiment as described in the section entitled Determination of 
distribution ratios. No studies of Nd and Gd were made 

The a-active nuclides 470year “’Am, 80 x 10*year a!0 Th (“°Th/”*Th mass ratio ~ 11) and 
1-6 x 10 6 year ***U were obtained from Argonne stocks and 18 year ***Cm was obtained from P R 
Fields (Argonne) 

Determination of distribution ratios 

The distribution ratio, K, for a given nuclide was obtained radiometrically by allowing the nuclide 
to distribute, at equilibrium, between the two mutually equilibrated liquid phases, and then determining 
the radioactivity, m terms of counts per minute, alpha or beta, associated with a given aliquot of each 
phase as described previously 11,1 Equilibrium distribution of radionuclides was accomplished by 3 
mm manual shaking in stoppered vials. All data were obtained at 22 i- 1°C. 

D. F Peppard, J. R. Ferraro and G. W. Mason, J. lnorg. Nucl. Chem. 7, 231 (1958). 

1,1 D. F. Peppard, G. W. Mason and J. L. Maier, J lnorg Nucl. Chem. 3, 215 (1956). 

D. F. Peppard, G W Mason and S. W. Moline, J. Inorg. Nucl Chem 5,141 (1957) 

D. F. Peppard, G. W. Mason, J. L Maier and W. J. Driscoll, J. lnorg. Nucl. Chem. 4 , 334 (195 ) 
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Each of die points on the extractant dependency curves of Fig. 9 is the average of "direct” and 
reverse" extraction data, i.e., radio-nuclide in the aqueous phase with the organic phase barren 
initially and radio-nuclide in the organic phase with the aqueous phase barren initially, respectively. 
A t least two random points on each of the other curves were checked with direct and reverse extraction 
data In each case, the variation between direct and reverse data was within the expected random 

variation. 

In the Dy experiment, Ho data were obtained also by differential counting. An aliquot of each 
phase was evaporated on a platinum disc immediately following phase disengagement after equilibra¬ 
tion These samples were then assayed by beta counting through an'aliminum absorber (100 mg), the 
absorber serving to screen out essentially all of the Dy activity. Approximately seven days later, the 
plates were assayed by /S-counting without absorber at which time the 82 hr “‘Dy parent and 27’2 hr 
i6»Ho daughter were essentially at secular equilibrium From these two sets of data, both Ho and Dy 
K values were calculated. 

Establishment of Z-curves 

Since the Z-effect in some portions of the curves is very small and since not all of the lanthanides 
available for study had been studied m the detailed synergistic investigation, the data for a given 
curve of Fig 10 were obtained as a single experiment. In no case were these data in serious conflict 
with those obtained in the synergistic study. 

RESULTS AND CONCLUSIONS 

In Figs. 1-3, the effects upon the extractive power of H 2 MEHP in toluene diluent 
produced by the synergists n-decanol, TBP and TOPO are shown. Similarly, Figs. 
4 and 5 treat the effect of the synergists n-decanol and TBP upon the extractive power 
of H 2 MEHP in cyclohexane diluent In order best to delineate this region of low 
concentration of synergist (as well as small r, i.e. F synergist.EH 2 MEHP) these plots 
are semilogarithmic. 




E 

o 

6 

Ol 


Fic, 1 —Variation of log K with F n-C 10 H„OH 
in H 8 MEHP (toluene) vs 0 25 M HC1 systems 
FH„MEHP (A),0 10; (B),0 05 M(III). Eu, 
Tm, Y, Am. 


Fig 2 —Variation of log K with F TBP in the 
0 10 F H.MEHP (toluene) vs. 0 25 M HCI 
system M(III): Pm, Eu, Tm, Y, Am, Cm 


In the “A” section of Fig. 1, the plot for Tm rises to a flat maximum, the value of 
K at 0 1 F n-decano! being higher than that for no synergist. The corresponding Am 
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curve has no maximum, and the value of K at 0-1 F n-decanol is approximately 0-6 
that for no synergist. 

The “B” section of Fig. 1 illustrates the effect of r, the value of K for Am at 01 F 
n-decanol being approximately 0-2 that for no synergist. 

By comparison of the “A” section of Fig. 1 with Fig. 2, TBP is seen to be a more 
effective antisynergist than n-decanol, the K for Am being depressed a factor of 
approximately 22 by 0-1 F TBP as compared to approximately 1-7 by 01 F n-decanol. 
Further, TBP produces a more pronounced maximum in the Tm curve, and the value 
of A at 01 F synergist is below that for no synergist. A slight maximum is also noted 
in the Y curve. 




Fig 3 —Variation of log K with F 
TOPO in the 0 10 F H.MEHP 
(toluene) vs 0 25 M HC1 system 
M(III): Eu, Tm, Y, Am. 


Fig 4 —Variation of log K with F n-C^HsjOH in 
the 005 F H.MEHP (cyclohexane) vs 0 25 M HCI 
system- Eu(lll), Am(IJl), U(VI). 


In Fig. 3, the curves for Eu and Am show slight maxima and those for Tm and Y 
quite pronounced maxima. With respect to Tm, the maximum enhancement factor, 
a measure of positive synergism, as read from Fig. 1(A), Fig. 2 and Fig. 3 are: 1 6 
(n-decanol), 2-2 (TBP) and 3-9 (TOPO). With respect to Am, the depressant factor, 
a measure of negative synergism, (calculated fron the base point of no synergist) at 
0-1 F synergist as read from Fig. 1(A), Fig. 2 and Fig. 3 are: 1-7 (n-decanol). 22 (TBP) 
and 1,000 (TOPO). 

The effect of diluent is seen by mutual comparison of Figs. 1 and 4 and of Figs 2 
and 5. In Figs. 4 and 5 (cyclohexane diluent), the Am and Eu values rise to a maxi¬ 
mum for the two synergists, n-decanol and TBP. In Fig. 4 the data for U(V1) are 
included to show that for this solute, negative synergism obtains throughout the range 
studied. (Studies involving TBP and TOPO were not made with U(VI), since the K 
forytxtraction by the synergist (in the absence of HjMEHP) is quite high.) 
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Fig 5 —Variation of log K with'F TBP 
in the 0 10 F H.MEHP (cyclohexane) 
vs 0 25 M HC1 system M(1I1). Ce, 
Pm, Eu, Tb, Tm, Y, Am, Cm 


Log {r - OS) 

Fig 6 —Variation of log K with log 
(r-0 5), TBP, in H.MEHP (toluene) 
vs 0 25 M HC1 systems. FH.MEHP. 
(A),0 10; (B)0 05. Eu(IIl), Am(III). 
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■ I ’ < A) Tm, Y, Eu, Am 
(B) Tb, Pm, Cm 
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Fig 7.—Variation oflog K with log (r-0 5), TBP. 
in the 0 10F H.MEHP (cyclohexane) vs 0 25 M 
HC1 system. M(IU): Ce, Pm, Eu, Tb, Tm, 
Y, Am, Cm. 


log (r-2) 

Fig. 8 —Variation of log K with log 
(r-2), n-C,„H,iOH, in H|MEHP(cyclo- 
hexane)vs HC1 systems. M HC1: 0 25, 
Eu(lll), Am(lll); 1-00, Th(lV), U(V1) 
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By comparison of sections “A” and “B” of Fig. 1, it appears that a plot of log K 
vs. t or some function of r might be more meaningful than a plot of log K vs. F 
synergist. Consequently, Figs. 6, 7 and 8, extending over a wide range of F 
synergist and of values of r, are log K vs. log (r — 0-5) and log K vs. log (r — 2) plots. 
The rationale for the use of (r-0-5) and (r-2) in preference to r is given m the discussion 
section. 

In Figs. 6 and 7, the limiting slopes are —3 for the M(III) examples shown, using 
TBP as synergist and toluene and cyclohexane as diluents. 

In Fig. 8, involving cyclohexane as diluent and n-decanol as synergist, the limiting 
values are—2, for U0 2 a+ ; — 3, for Am 3+ and Eu 3+ ; and —4, forTh 4+ . The limiting 
negative slope has the same absolute value as the charge on the metal extracted. 



Fig. 9 —Extractant dependencies for 
Eu(IIl) and A.m(IlI) in H a MEHP 
(diluent) vs HCI systems Diluents 
toluene, n-decanol 



z 

Fig 10 —Variation of log K with Z of 
lanthanides (111) in theO IF H a MEHP 
(diluent) vs 0 25 M HCI (n-decanol 
excepted) systems Diluents □, 
toluene, V, toluene plus 0 05 F TBP. 
O, cyclohexane, n-decanol 


A study of n-decanol as a diluent is presented in Fig. 9. Throughout the left-hand 
portion of the range studied, it is seen that a third-power extractant dependency for 
the extraction of Am(III) and Eu(III) may be derived from the data. At higher 
concentrations of H 2 MEHP, departures from this curve, in the direction of rendering 
the curve steeper, are incurred. In the same figure, a first-power extractant dependency 
is seen to apply to the extraction of the same two elements if toluene is the diluent 
(The toluene data were obtained at 0-25 M HCI rather than at 0-05 M HCI so that the 
K value would be more easily determined, since the hydrogen ion dependency for K 
is inverse third-power. <1 > 8) However, less extensive data obtained at 0-05 M HCI also 
a first-power extractant dependency.) 
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In Fig. 10, log K vs. Z curves for H a MEHP in three pure diluents, toluene, cyclo¬ 
hexane and n-decanol, and m one composite diluent, toluene which is 0-05 F in TBP, 
are presented. The three pure diluent curves are mutually similar in general shape. 
However, both the maximum and minimum are more pronounced in the cyclohexane 
curve than in the others. The cyclohexane and toluene curves differ from each other 
by a factor less than three at all points, whereas the n-decanol curve, as presented, is 
a factor of 30-100 lower than the toluene curve. Noting that the n-decanol curve was 
obtained in a system employing 0-05 M HC1 as opposed to 0-25 M HC1, it is con¬ 
cluded, assuming an inverse third-power hydrogen ion dependency, that for identical 
systems with respect to HC1 and H 2 MEHP concentrations, the n-decanol curve should 
be a factor of (3-7-12-5) X 10 s lower than the toluene curve, the exact factor being a 
function of Z. 

The curve for the composite diluent, toluene which is 0 05 F in TBP, lies below the 
pure toluene curve in the 57-67 atomic number region and above it in the 68-71 region. 
In contrast to the curve for pure toluene, it has no maximum or minimum. 


DISCUSSION 


The general conclusions, with respect to synergistic effects, to be correlated and 
reconciled with a theoretical interpretation are: 

(1) In some instances there exists a region of enhanced extraction (Figs. 1-5); 

(2) In each instance there exists a region of decreased extraction; 

(3) Each of the foregoing effects is a function of the nature of the synergistic agent; 

(4) The effects differ as a function of Z for M(III) lanthanides; 

(5) The effects differ markedly for M(UI), Th(IV), and U(V1); 

(6) The limiting plot of log K vs. log r, or better (r-0-5) or (r-2) for specific cases, 
approaches a straight line of negative slope numerically equal to the charge on 
the cation, i e., —2 for UO/^, —3 for M(III) and --4 for Th(IV). 
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Fig 11.—Possible hydrogen-bonded structures of (GO)PO(OH),: (1) and (2), with 
ROH; (3), with itself and with H s O. Except for (2A), applicable to (G)PO(OH), also. 
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It is postulated that the original extractant, (HjMEHP),, A, of which a possible 
structure is shown as (3B) in Fig. 11, is converted by the synergist into an adduct B 
which is in turn converted by further interaction with synergist into adduct C, as 
follows: 

(A), (HjMEHP), -5%. B C (1) 

It is further considered that, as an extractant, C is by far the least efficient of the three 
and that B may be more or less effective than A. If B is sufficiently effective, as 
compared with A, then a region of enhanced extraction will exist. Since there is no 
a priori reason to expect the Z-curve to be the same for B as for A, it seems logical that 
the curves for some elements should display this positive region while others should 
not. (In Fig. 10, the log K vs. Z plots for lanthanides (III) in 01 F H a MEHP (toluene) 
and in 01 F H 2 MEHP -j- 0-05 F TBP (toluene) systems are seen to cross mutually) 

The terminal adduct, C, since it is assumed to be a highly inefficient extractant, is 
considered to contain H 2 MEHP with all of its reactive sites inactivated through strong 
hydrogen bonding. 

Since H 2 MEHP has been demonstrated to exist as a monomer in methyl alcohol' 91 
it is assumed that C contains only one unit of H 2 MEHP in the n-decyl alcohol systems 
Considering both theoretically-ionizable hydrogen atoms to be inactivated the 
formulation is given as (H 2 MEHP) (n-decanol) 2 , and possible structures are shown as 
2A and 2B in Fig. 11. 

Since H 2 MFHP has been shown to be reduced to a dimer, but not to a monomer, 
by acetone,' 91 which, like TBP, can accept but cannot contribute a hydrogen atom in 
hydrogen bond formation, it is postulated that C contains a dimeric unit in the TBP 
systems. Considering all theoretically iomzabie hydrogen atoms to be inactivated, the 
formulation is given as (H 2 MEHP) 2 TBP; and a possible structure is derived from 3A 
or 3A' of Fig 11, if the dimer has one of the two pictured terminal acidic H atoms 
bonded internally to one of the stencally available O atoms and the other bonded to 
the unique O of TBP, (n-C 4 H 8 0) 3 P0. 

Assuming the formulations of C as given in Table 1, the concentration of free 
synergist in the region in which essentially all of the H Z MEHP is in the C form may be 
calculated. Hence, log K is plotted as a function of log (r-2) and of log (r- 0 5), 
respectively, in the n-decanol and the TBP systems. 


Table 1 —Postulated formulations of b and c of expression (1) 


Synergist 

B 

C 

n-C 10 H„OH, 

DOH 

(H,MEHP)(DOH) 

(H,MEHP)(DOH), 

(n-C^H.O.PO, 

TBP 

(H,MEHP) ( (TBP), 

(H,MEHP),(TBP) 


Since the plot of log K vs. (r-2) m the n-decanol systems approaches, as a limit a 
straight line of negative slope numerically equal to the charge of the cations extracted, 
it is assumed that B is functioning as a mono-ionized extractant equivalent to B 
Therefore, using the simplest interpretation, B is formulated as monomeric HjMEHP 
combined with one molecule of n-decanol, i.e., (H 2 MEHP) (n-decanol), Table 1. The 

l,) J R Ferraro, G. W. Mason and D. F Peppard, J Inorg. Nucl. Chem. 22, 285 (1961). 
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extraction of M 1 * and the AT in th&limiting region ate. thus represented as: 

M/+ 4- p(H 2 MEHPXDOH) 0 ^ M [(HMEHPXDOH)]^ + pH A + (2) 
(H*MEHPXDOH) 0 + DOH<> ^ (H 2 MEHPXDOH) 2g (3) 

K u , + = kj[ DOHV (4) 


Similarly, it is assumed that B in the TBP systems functions as a mono-ionized 
extractant equivalent to B - . From the established interaction of TBP and H 2 MEHP, 
in the absence of water, in the ratio of 1:3 by formula weights' 101 and the formulation 
of the product as an adduct, (H 2 MEHP) 6 (TBP) 2 <10> it is postulated that B is an adduct 
of hexameric H 2 MEHP and two molecules of TBP, probably containing water. Table 
1 The extraction of M w and the K in the limiting range are thus represented as: 

M a ’+ + /7(H 2 MEHP) 9 (TBP) 2o ^ M[H u (MEHPUTBP) 2 ] Po + pHS (5) 
(H 2 MEHP) 6 (TBP) 2o + TBP 0 ^ 3(H 2 MEHP) 2 (TBP)o (6) 

= WBpy (7) 

Presumably the action of TOPO, (n-C 8 H 17 ) 3 PO, whose sole oxygen is analogous to 
the unique oxygen of TBP, is similar to that of TBP and differs only in magnitude. 

Before discussing the extraction of M ,1+ by H 2 MEHP in toluene or cyclohexane in 
the absence of synergist, it is necessary to consider the nature of the polymeric species. 
Although a considerable body of data concerning such polymers has been 
reported, (9-U) it must be remembered that the structure and nature of the species may 
differ widely in wet and dry diluents. 

A possible structure of polymeric (GO)PO(OH) 2 , and of the analogous (G)PO 
(OH) 2 , is shown in 3A and 3B of Fig. 11. Assuming, as in 2B of Fig. 11, that an 
oxygen atom may exhibit a co-ordination number of three in such a polymer, the 
fundamental “dimeric unit", an 8-membered ring, may be represented by the structure 
3A. A second “dimeric unit” may be placed above (in two-dimensional parlance) the 
first unit with its left end above the right end of the first in such a way that the two 
units may join and in so doing create a new 8-membered ring indistinguishable in 
characteristics from the first two. 

This polymeric structure is represented as 3B, Fig. 11, the section shown being a 
hexamer composed of three dimers, D 2 , D 2 and D s . It is apparent that through flexion 
this hexamer might be joined, end to end, to form a cyclic hexamer of six 8-membered 
rings Alternatively, a polymer of “dimeric units” might be linear and have two 
terminal “unbonded” OH groups. 

If such a polymer, cyclic or otherwise, loses, by ionization, a proton involved in 
polymer formation, then the resultant anion should be less stable in a dry diluent. 
However, in a wet diluent it seems likely that the polymer contains water molecules 
as structural units. ,9) A possible mode of attachment is illustrated in (3A') of Fig. 11. 

Presumably, a large polymer composed of units such as represented by (3A') 
should be capable of losing several protons by ionization, thereby acquiring a net 
negative charge of several units. However, a small polymer, such as a hexamer, might 
well suffer greatly in stability by acquiring a negative charge numerically greater than 
unity. 

J R Ferraro and D. F. Peppard, J. Phys. Chem 65, 539 (1961). 

D F Peppard, J, R. Ferraro and G. W. Mason, J Inorg. Nucl. Chem. 4, 371 (1957). 
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•Consequently, it appears that in the absence of a synergist the extraction of M p + 
by HjMEHP in a nonhydrogen-bonding diluent proceeds by the mechanism previously 
reported : (1) 

M a p+ + (H 2 Y), 0 ^ + pH A + (8) 

K m , + = * 8 [(H 2 YU/[H+] a * (9) 

where (H 2 Y)„ represents the polymeric form of the extractant, probably containing 
water molecules, 3A', Fig. 11. The mechanism is presumably applicable to other 
(GO)PO(OH) 2 and to (G)PO(OH) 2 extractants as well. A first-power extractant 
dependency, implicit in Expression (9), was reported by Peppard et al. a) for the 
extraction of M(III) using H 2 MEHP and mono[p-(l,l,3,3-tetramethyl butyl)phenyl] 
phosphoric acid, the latter symbolized as H 2 MO^P, as extractants in toluene diluent. 

In an alcohol diluent, ROH, it is assumed that (GO)PO(OH) 2 (and presumably 
(G)PO(OH) 2 is monomeric, possibly with two molecules of ROH bonded directly to 
each unit, 2A or 2B, Fig. 11. This monomer, without regard to the ROH of con¬ 
stitution, is represented as H 2 Y and the extraction of represented as: 

M a * + + P H 2 Y 0 ^ M(HY)„ o + />H A + (10) 

K m , + = MH 2 Y] 0 */[H+] a > (11) 

The third-power extractant dependency for M(III) implicit in Expression (11) is 
observed for the extraction of Eu(III) and Am(Ill) by H 2 MEHP in n-decanol. Fig 9. 

However, it was observed that at concentrations appreciably greater than 0-4 F 
(Fig. 9) the plot of log K vs. log F H 2 MEHP departed from a straight line and became 
progressively steeper This effect is to be expected if the monomenzation to the final 
interacted H 2 MEHP -f ROH species is not complete Conversely, at concentrations 
sufficiently below the lowest concentration reported m Fig. 9, it is expected that 
double ionization of the monomer to form Y 2 ~ might become relatively important 
with respect to single ionization to form HY~. Consequently, for the extraction of 
the plot of log A vs. F H 2 MEHP might approach a slope of 0-5/> as a limit as fhe 
concentrations of H 2 MEHP become sufficiently small. 

It may be noted that Expression (10) with p — 3, is equivalent to the expression 
for the extraction of Sc(III) given by Warren and Suttle (2) who reported a third- 
power extractant dependency for Sc(lll) but a fourth-power for La(lII) and Y(1II) 
A possible explanation for the fourth-power extractant dependency is based on the 
fact that the La(III) and Y(III) data were obtained in a higher (GO)PO(OH) 3 con¬ 
centration range than the Sc(Ill) data, the lowest concentration of the former study 
being larger than the highest concentration of the latter. 

A comparative study of the extraction of Eu(III) and Am(III) m H 2 MEHP 
(diluent) vs. aqueous HCI systems is shown in Fig. 9 in which toluene and n-decyl 
alcohol are the diluents. For both elements, the extractant dependency is first-power 
in toluene and third-power in n-decyl alcohol. (It should be noted for Figs. 9 and 10 
that in systems involving the same concentration of HCI in the aqueous phase the K 
for M(III) at a fixed total F of H 2 MEHP is much greater in toluene than in decyl 
alcohol). 

It appears likely, therefore, that Expressions (8) and (9) represent extractions 
employing toluene and other diluents which do not greatly decrease the degree ol 
polymerization of the extractant while Expressions (10) and (11) represent extractions 
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employing alcohol, and presumably certain other diluents, which monomerize the 

extractant. 

Although positive synergistic effects were noted which gave increased ^-values for 
a given pair of elements (beta = KjK h for elements A and B), see the Z curves of 
Fig. 10, the effects are of no practical importance, since other extractive systems with 
superior ^-values are available.* 1 - 8 * However, negative synergistic action appears to be 
of great practical importance. 

For example, an element such as Tm(III) may be extracted into H,MEHP in 
toluene (or cyclohexane, etc.) as a concentration and preliminary purification step; 
but, in order to transfer the Tm(III) to an aqueous phase, a high concentration of 
mineral acid (or a suitable complexmg agent) is necessary. (Nothing is accomplished 
by diluting the pregnant organic phase with toluene since the extractant dependency 
is first-power). However, the removal to an aqueous phase is easily accomplished 
through addition of a synergistic agent which greatly decreases the K. 

The techniques of adding a negative synergist to decrease the K ofM p+ and thereby 
render it transferable to an aqueous phase is especially valuable in the case of elements 
with extremely high K values, for example- Th(IV), U(1V), U(V1), Np(lV), etc. 
Since these cations tend to extract reasonably well into TBP also, the major effort was 
expended upon the n-decyl alcohol systems. In Fig. 8, it is seen that the K values for 
U0 2 s H , M 3+ and Th 4+ are reduced by addition of n-decyl alcohol in a manner con¬ 
sistent with Expression (10), the log K vs. log (r-2) plots approaching limiting slopes 
of —2, —3 and —4, respectively. It is apparent, then that M(II1), M(1V) and M(VI) 
may be extracted with a toluene (or cyclohexane) solution of H 2 MEHP with high K 
values and that they may be returned to an aqueous mineral acid phase by adding 
n-decyl alcohol, as a negative synergist, to the pregnant extract. 
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EXTRACTION OF Th(IV) AS A MIXED COMPLEX, 
NITRATE OR CHLORIDE, BY 2-ETHYLHEXYL 
HYDROGEN 2-ETHYLHEXYL PHOSPHONATE* - 

D. F. Peppard, M. N. NAMBOODtRif and G. W. Mason 
A rgonne National Laboratory, Argonne, Illinois 

( Received 26 January 1962; in revised form 20 February 1962) 

Abstract— The extraction of Th(IV) from aqueous perchlorate, chloride and nitrate aqueous phases 
into a solution of an acidic phosphonate, generally represented as (GO)(G)PO(OH); dissolved in a 
carrier diluent is reported for the first time Specifically, 2-ethylhexyl hydrogen 2-ethylhexyl phos¬ 
phonate, (EHO)(EH)PO(OH), dissolved in toluene has been employed as the extractant phase 

From a nitrate phase, Th(lV), in tracer level concentration, is extracted as two mono-nuclear 
species containing one and two nitrate groups per atom of Th(IV), respectively The extraction of 
the two-nitrate entity is favoured, with respect to that of the one-nitrate entity, as the acidity of the 
aqueous phase increases. The K for each of these species appears to be thud-power dependent upon 
the concentration of the (EHOKEH)PO(OH), which is dimenc in the diluent employed. The extraction 
of a nitrate-free entity is negligible under the conditions of the investigation. In saturation experi¬ 
ments, the empirical composition of the extract, as determined by gross analyses, is ThfNO,),., 
(LH[EHP]) J3 

From a chloride phase, the extract in tracer-level studies contained a chloride-free and a one- 
chloride species The K values for these two species arc third-power and 2 5-power extractant de¬ 
pendent, respectively In saturation experiments, the empirical composition of the extract, as 
determined by gross analyses, is Th(Cl) 0 ,(EH[EHP]),, 

The perchlorate behaviour parallels that of the chloridesystem, except that the extractant 
dependency is third-power. The empirical composition of the extract, in saturation experiments, is 
Th(CIO 4 ) 0 4 (EH[EHP]) t , 

Bis 2-ethylhexyl phosphoric acid (symbolized as HDEHP), a representative of the 
(GO) 2 PO(OH) type of extractant, dissolved m a carrier diluent, has been shown to 
extract M(III) lanthanides from an aqueous nitrate phase, as M[H(DEHP) 2 ] 3 and as 
M(DEHP) S , respectively, at “far below saturation” and at “saturation” of the organic 
phase.°- 2) In an extension of the study to Th(IV), it was found that the extracted 
entity contained one nitrate group per thorium atom, both at levels far below sat- 
uration' 31 and at saturation. (4) 

The closely analogous 2-ethylhexyl hydrogen 2-ethylhexyl phosphonate (sym¬ 
bolized as HEH[EHP]), a representative of the (GO)(G)PO(OH) type of extractant, 
dissolved in a carrier diluent has recently been shown to extract tracer-level Pm(IlI) 
and Cm(III) from an aqueous nitrate phase as M{H(EH[EHP]) 2 } 3 , <5) i.e., an entity 
containing no nitrate. The corresponding Th(IV) study has now demonstrated both 
one-nitrate and two-nitrate species in the extract. 

* Based on work performed under the auspices of the U.S Atomic Energy Commission. 

t Affiliate of the InternaUonal Institute of Nuclear Science and Engineering at the Argonne 
National Laboratory and representative of the Laboratories of the Indian Atomic Energy Establish¬ 
ment—Trombay, Bombay. 

D F Peppard, G. W, Mason, J L Maier and W. J. Driscoll,/ inorg. Nucl Chem. 4*134(1957) 

D F.PEPPARD.G.W.MASON.W.J.DiuscOLLandR.J Sdronen,/. inorg. Nucl Chem 7,276(1958). 
’ D F Peppard, G. W. Mason and S. McCarty, /. Inorg. Nucl. Chem. 13,138 (I960). 

11 D. F Peppard and J. R Ferraro, J Inorg. Nucl Chem. 10, 275 (1959). 

D F Peppard, G. W. Mason and I. Hucher, J. Inorg. Nucl. Chem 18, 245 (1961). 
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EXPERIMENTAL 

Nomenclature 

The nomeclature employed in the study of acidic esters of phosphonic acid as extractants for 
M(HI)“’ cations is employed throughout. Hence, (GOXG)PCKOH) is the general formulation; and 
(EHOXEH)PO{OH) represents 2-ethylhexyI hydrogen 2-ethylhexyl phosphonate, symbolized as 
HEHfEHP]. The bracketed grouping represents the phosphorus atom and the 2-ethylhexyl group 
attached by a C-P bond Similarly, (GO),PO(OH) is the general formulation of the analogous phos¬ 
phate; and the specific example utilized, bis[para (1,1,3,3-tetramethy! butyl) phenyl] ortho phosphoric- 
acid, for convenience called di octyl phenyl phosphoric acid, is symbolized as HDO^P. 

The distribution ratio, K, for Th(lV) is defined as the concentration of Th(lV) in the organic phase 
divided by the concentration of Th(lV) in the aqueous phase, the two sensibly-immiscible liquid 
phases having been mutually equilibrated and the Th(IV) “concentrations” being represented by 
alpha-emitting rates per unit volume 

Sources of materials 

The HEHfEHP],'’. 8 ’ and the mineral acids'* 1 and their corresponding salts 1 * 1 were prepared and 
purified as described previously a-active 8 x 10* yearTh** 0 (Th** 8 to Th”* in the ratio of 10 1) was 
obtained from A N L stocks and was freshly purified with respect to daughter activities before use 

Determination of distribution ratios 

The distribution ratio, K, was determined as described previously, 1 ’.*’ using toluene as the carrier 
diluent. The absence of a Th(IV) concentration effect, at tracer-levels, upon K was established by 
varying the equilibrium concentration of Th(IV) in the aqueous phase over a range of 100 under 
otherwise identical conditions It has been established that in each of the systems the concentration 
of mineral acid, HX, in the equilibrated organic phase was less than 6 x 10 -*F, a maximum value 
for the 1 OF HX systems 

Extractant and acid dependency studies 

Both extractant and acid dependency studies were made at a constant ionic strength in the aqueous 
phase. 

Anion dependency studies 

Since preliminary experiments indicated the probable presence of mixed nitrate-perchlorate and 
chloride-perchlorate extracted species in studies involving constant ionic strength, maintained with 
HCIOj or NaCIO,, in the nitrate and chloride studies, these studies were restricted to the use of a 
single anion and varying ionic strength. 

Determination of gross amon-lo-Th ratios 

The extracts were prepared, in general, as described previously , *. 41 In a specific chloride experi¬ 
ment, a 1,200 ml portion of 0 10F HEH[EHP] in toluene was contacted with a 500 ml portion of 
aqueous 0 10M HCI, 0 90M NaCl, and approximately 2 x 10 *M ThClj phase Following centrifu¬ 
gation, two 500 ml aliquots of the organic extract were withdrawn (a) One aliquot was contacted 
successively with four 50 ml portions of 2 5M HNO s . The resulting aqueous phases were combined 
and washed with benzene The chloride content was determined by precipitation of AgCl (b) The 
remaining aliquot was diluted to 2,000 ml with toluene and contacted successively with four 75 ml 
portions of 4-0M HCI The combined aqueous phase was washed with benzene and evaporated to a 
small volume The Th content was determined by precipitation of Th(OH), and ignition to ThO, 

In experiments involving nitrate and perchlorate, similar procedures were followed The anion, 
m these instances, was determined by precipitation with nitron 

“Saturation” experiments were performed as described previously In these studies, the tech 
nique for re-extraction of Th was modified in that each re-extract was scrubbed with two 100 ml 
portions of benzene, in sequence The depleted organic extract and the two benzene phases were 
then scrubbed, m sequence, with five 100-ml portions of water to remove all mineral acid These 
three organic phases were then combined and an aliquot titrated with standard NaOH to determine 
the HEHfEHP] content 

In a specific chloride experiment, a 100 ml portion of O IF HEHfEHP] solution was contacted 
successively with three 20-mi portions of a 1-5M ThCl, + 0 2M HCI solution and then shaken with 

D. F. Peppard, J. R Ferraro and G. W. Mason, J. Inorg. Nucl. Chem 12, 60 (1959). 

Busch, Ber. Dtsch. Chem Ges. 38, 861 (1905); 

Gutbier, 2 Anger/ Chem. 18, 494 (1905). 
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- )hd ThCL. in the presence of the final aqueous phase for two hours. Following centrifugation, 

aliquot* were treated as described above. 

RESULTS AND CONCLUSIONS 

cid dependencies 

From Fig. I, it is seen that the hydrogen ion dependency of the K for Th(IV) into 
() 4 x 10~*F HEH[EHP] from a 1-OF (NaNO s + HNOj) solution is less steepthan 
inverse third-power throughout the range studied, approaching inverse third-power 
and inverse second-power respectively in the low and high acidity regions. Assuming 
that two extracted species, respectively, containing the equivalent of Th(NO)/ + and 
Th(N T 0 3 ) 2 2r , are involved, the two broken lines of Fig. 1 representing plots of log K t 



Fig 1 —Hydrogen ion dependency of the extraction of Th(IV) into 9 4 x 10~ S F HEH[EHP], 
toluene diluent, from a 1-OF (NaNO s + HNO,) solution. 

and log A ' 2 are drawn. The solid line, which is a plot of log (Aj + KJ, is seen to 
represent the experimental data satisfactorily. 

in Fig. 2, the hydrogen ion dependencies for the corresponding 1-OF chloride and 
perchlorate solutions are seen to be third-power in the high acid region but greater in 
the low. These data are considered to indicate a mixed mechanism involving the 
equivalent of ThX 3+ and Th 4+ in the extracted species. It should be noted that the 
perchlorate and chloride data were obtained in systems involving 0-075F and 0-0375F 
HEH[EHP], respectively, whereas the nitrate data were obtained in systems involving 
0 0094F HEH[EHP]. It is evident, from comparison of Figs. 1 and 2, that the tendency 
for the Th(N0 3 ) 3+ and Th(N0 3 ) 2 2+ containing species to extract is much greater than 
'hat of the ThCl 8f and ThiClO^ containing species. 
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Fig. 3.— Extractant dependency of the exiiac¬ 
tion of Th(IV) into HEH[EHP], toluene diluent, 
from a 1 OF HX solution, X - N0 3 ,CIO, 
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Extractant dependencies 

From Fig. 3, the extractant dependencies of the K for Th(IV) is seen to be third- 
wcr i n systems involving 1-OF HNO a or 1-OF HC10 4 up to an extractant con¬ 
centration of 0-15F. 

The data of Fig. 4 for the chloride systems are adequately fitted by lines of slope 
n 5 an d 3.0 in the regions of low and high extractant concentration, respectively. In 
the 1-OF HC1 system, the 2-5-power extractant dependency law holds through the 
0 15F HEHfEHP] point. 



Fig 4 —Extractant dependency of the extraction of Th(IV) into HEH[EHP], 
toluene diluent, from 0-25F and 1 OF HC1 solutions. 


From a comparison of Figs. 3 and 4, the respective K values for Th(IV) into 0-1F 
HEH[EHP] from 1-OF HX are: HNO a , 4-9 x 10*; HC10 4 , 1-9 X 10" 1 ; and HC1, 
4-4 x 10-*. 


Anion dependencies 

The plot of log K for Th(IV) into 4-7 x 10~ S F HEH[EHP] from a (NaNO s + 
0 3F HNOj) solution vs. log F NO 3 -, Fig. 5, is a slightly concave downward curve of 
positive slope throughout. In the same figure is a plot of log K for Th(IV) vs. log F 
NCV m a system employing 7 x 10-*F HDO^P. (This latter extractant, di[para- 
U,l,3,3-tetramethyl butyl) phenyl] ortho phosphoric acid, has been shown to.extract 
Th(IV) from aqueous perchlorate, chloride or nitrate phases as an entity containing 
no perchlorate, chloride or nitrate, respectively. <3) 

The HDO^P plot is a concave downward curve of negative slope, throughout. 




D. F. Pepvard, M. N. Nambooddu and G. W. Mason 


9*4 , 


the departure from a horizontal line being attributed to the combined jU-effect and 
nitrate-complexing ofTh 4 +- in the aqueous phase. Since the aqueous phases employed 
in this study were of the same composition as those used in the HEHfEHP] investi¬ 
gation, the HDO<4P data were used in making a point-for-point correction of the 
HEH[EHP] data to yield the broken curve of Fig. 5. (The addition of 0-30 log unit is 
made for the purpose of raising the plot for greater clarity in presentation.) 



Fig. 5.—Nitrate dependency of the extraction of Th(IV) into HEH1EHP], 
toluene diluent, from (NaNO* + 0 30F HNO s ) solutions 


In making the corrections to the HEH[EHP] data, a horizontal line is drawn 0 30 
log units above the highest HDO^P point. The vertical distance (absolute) from tins 
horizontal line to a given HDO^P point is then added above the corresponding 
HEHflEHP] point (for the same F N0 3 ~) to give a corrected point indicated by a 
circle in Fig. 5. Straight lines of slopes 10 and 2-0 through these corrected points 
indicate first-power and second-power nitrate dependencies, respectively. It must be 
remembered that these are dependencies determined under varying ionic strength 
conditions. 

In Fig. 6, the plot of log K for Th(IV) into 3-7 X 10“ 2 F HEH[EHP] from a 
(NaCl + 0-25F HC1) solution vs. log F Cl - is a slightly concave downward curve ol 
negative slope throughout. The point-for-point corrections, as determined by 
HDO^P extraction data are made as described for Fig. 5. The limiting slope of 0 8 1 ' 
as drawn is in sensible agreement with the assumption of the equivalent of ThCP m 
the extracted entity considered in Figs, 2 and 4. 
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A HDO^P, 8 x I0 -4 E 


_l -a HEH[EHP], 3-7 x 10“ 2 E- 0 
o Corrected HEH[EHP], 
plus 0-30 Log Unit 

_1_ 1 _1_ 

-I 0 I 

Log F Cl“ 

Fig 6 —Chloride dependency of the extraction of Th(lV) into HEHfEHP], 
toluene diluent, from (NaCl + 0 25F HC1) solutions 

Gross data 

The gross extraction data of Tables 1 and 2 confirm the existence of “mixed” 
extracted species. Table 1 represents “nonsaturation” experiments in which, in 
general, less than 7 per cent of the extractant is utilized in forming the extracted 
species, calculated on the basis of three dimers of extractant per Th atom. 

In comparing the “saturation” data of Table 2 with the date of Table 1, it should be 
recalled that at saturation, a “monomer” mechanism, with respect to the extractant, 
is involved. (This does not preclude the possibility of polynuclear species with respect 
to Th) Conversely, under conditions far removed from saturation, a dimer mecha¬ 
nism, with respect to the extractant, is involved. Consequently, saturation data do not 
necessarily bear any easily demonstrable relationship to tracer-level data. 

DISCUSSION 

The extraction of tracer-level M(III) lanthanides and actinides by (GO) 8 PO(OH) 
extractants dissolved in toluene as carrier diluent, from aqueous mineral acid phases 
has been shown* 2 ' 8-101 to be represented by the over-all equilibrium: 

M a 3+ + 3(HY) 20 ^ M(HYj) 30 + 3H a + (1) 

" /ln D Dyrssen > Acla Chem. Scand. 11, 1277 (1957); 

(b) D. Dyrssen and L. D. Hay, Acta Chem. Scand. 14, 1100 (1960). 

(f) K. Kimura, Bull. Chem. Soc. Japan 33, 1038 (1960); 

„„ W K - kimura, Bull. Chem. Soc. Japan 34, 63 (1961). 

0 Duyckaerts, P. Dreze and A. Simon, J. Inorg. Nucl. Chem. 13, 332 (1960). 
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Table 1.—Gross data on composition of Th(IV) extract 
(toluene diluent) in equilibrium with various aqueous phases* 


X' 

Equilibrated 
Aqueous Phase 

Organic extract 

X-/Th HEH[EHP]/Th 

NO,* 

O IF HX + 0-9F NaX 

1-24 

G100 


1-OF HX 

1 65 

G100 

Cl- 

0-1FHX + 09F NaX 

0-30 

G100 


0-25F HX + 0-75F NaX 

0-44 

G70 


1-OF HX 

0-83 

G50 

cio 4 - 

1-OF HX 

0-5 

G100 


• The ratios are by formula weight; and G signifies “greater 
than”. 


Table 2.—Gross data on composition 
of Th(IV) extracts (toluene 
diluent) prepared under 
saturation conditions* 


x- 

Organic extract 

X-/Th 

EH[EHP]-/Th 

no,- 

1 87 

22 

Ci- 

091 

2-9 

cio 4 - 

0-4 

37 


* The ratios are by formula weight, the EH [EHP]- being 
calculated as a monomer 


where the subscripts A and O refer, respectively, to mutually equilibrated aqueous 
and organic phases and (H Y) 2 refers to the extractant, which is dimeric' 11 ’ 1 *) m toluene 
Although HDO</>P, bis[para(l,l,3,3-tetramethyl butyl) phenyl] orthophosphonc 
acid, in toluene as carrier diluent, extracts M(III) lanthanides and actinides according 
to Expression (1), the expected analogous extraction of Th(IV) is not found. Although 
the hydrogen ion dependency is inverse fourth-power, the extractant dependency is 
not fourth-power, but third-power. The extraction is thus represented' 81 by: 

Th A 4 + + 3(HDO<£P) 80 ^ Th(DCtyP) 2 [H(DO<£P) 2 ] 20 + 4H A + (2) 

However, HDEHP, bis 2-ethylhexyl phosphoric acid, in toluene diluent which 
extracts M(IH) lanthanides and actinides according to Expression (l)' 1 ’ 21 and which 
extracts Th(IV) according to Expression (2) throughout a wide range of conditions 
from aqueous chloride' 31 or perchlorate' 31 solutions, extracts Th(IV) from aqueous 
nitrate solutions according to a different stoicheiometry.' 31 The corresponding ex¬ 
traction equilibrium is thus represented as: 

Th A *+ + N0 3a ~ + 3(HDEHP) 20 ^ Th(NO 3 )[H(DEHP) 2 ]30 + 3H A + (3) 

It is obvious that if the concentration of nitrate ion is varied, both Expressions (2) and 
(3) must be modified by a correction for nitrate complexing of Th(IV) to obtain the 

1111 D. Dyrssen, Acta Chem. Scand 11, 1771 (1957). 

(a) D. F. Pefpard, J. R. Ferraro and G. W. Mason, J . Inorg . Nucl . Chem. 4, 371 (1957). 

(b) D. F. Pefpard, J. R. Ferraro and G. W. Mason, J Inorg . Nucl Chem. 1 , 231 (1958) 
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hydrogen and extractant dependencies indicated. The distribution ratio, K, derived 
from Expression (3) is i 

K = A: 3 [N03-] A [(HDEHP) 2 y/EH + ] A a (4) 

and the observed K is essentially first-power dependent upon the aqueous nitTate 
concentration, following correction for nitrate complexing in the aqueous phase. 

In the present study, the extractant HEH[EHP], (EHOXEH)PO(OH), differs from 
HDEHP, (EHO) 2 PO(OH), only in the absence of one oxygen atom so that the com¬ 
pound contains one C—P bond. (Both extractants are dimeric in toluene. <# - u > 1S) ) 
However, the extraction behaviour differs radically. 

In perchlorate systems, two co-existing mechanisms are assumed, HY representing 


HEH[EHP]: 

Th/+ + 3(HY ) 20 ^ ThY 2 (HY 2 ) 20 + 4H A + * (5) 

Th A 4+ + C1CW + 3(HY ) 20 ^ Th(C10 4 )(HY 2 ) 30 + 3H A + (6) 

The corresponding K expressions being, respectively: 

* 5 = * 5 [(HY) 8 ] 0 s /[H+] a 4 (5a) 

K a = kJC 10 4 -] a [(HY) 2 ] 0 3/[H+] a * ( 6 a) 

In chloride systems, the corresponding Expressions for the co-existing mechanisms 
are considered to be: 

Th A 4 + + 3(HY ) 20 ^ ThY 2 (HY 2 ) 20 + 4H A + (7) 

Th A 4 + + Cl- A + 2-5(HY ) 20 ^ Th(Cl)(Y)(HY 3 ) 20 + 3H A + ( 8 ) 

K , = ^7 t(H Y) 2 ] g */ [ H +] a 4 (7a) 

* 8 = * 8 [CI"]a[(HY) 2 ] 0 *- 5 /[H+] a 3 (8a) 

In nitrate systems, the mechanism corresponding to Expressions (5) and (7) is 
unimportant, its contribution being below detection under the conditions of the study. 
The two important stoicheiometries may be represented as: 

Th A 4 + + NO sa - 4 - 3(HY ) 20 ^ Th(N0 3 )(HY 2 ) 30 + 3H A + (9) 

Th A 4 + + 2NO sa - + 3(HY ) 20 ^ Th(NO a ) 2 (HY 2 ) 2 (HY ) 20 + 2H A + (10) 


(Throughout this discussion, the total number of Y and H groups in an extracted 
entity is obtained from considerations of stoicheiometry. No knowledge of the mode 
of attachment is implied. For example, in the light of present know!edge,ThY 2 (HY 2 ) 2 
of Expression (7) might equally well be represented as ThY 4 (HY) 2 .) Therefore, the 
corresponding Expressions for K are: 

*o = * 9 [NO 3 -] A [(HY) 2 ] 0 3 /[H +] A 3 (9a) 

*io = MN0 3 -] a 3 [(HY) 2 ] 0 3 /[H +] a 2 (10a) 

(The stoicheiometry with respect to (HY ) 2 is deduced from the third-power dependence 
shown in Fig. 3, representing conditions under which the extracted entity containing 
two nitrate groups presumably predominates, and from analogy with Expression (3).) 

Under the specific conditions represented in Fig. 1, the ratio of K l0 to K 9 at EOF 
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H + is assumed to be 3*0, the corresponding specific K expressions bring give® as jf 8 
and K x for the acidity range shown. From Expressions (9a) and (10a), it is apparent 
that the extraction stoicheiometry involving two nitrate groups becomes relatively 
more important at the expense of the one-nitrate mechanism as the hydrogen ion 
concentration is increased. This variation is confirmed both by the radiometric tracer 
data of Fig. 1 and by the gross extraction data of Table 1. 

Since both Cl - and C10 4 - extract in the form of mixed complexes, Tables 1 and 2 
and Figs. 2 and 6, it was deemed likely that extracted species simultaneously con¬ 
taining both nitrate and perchlorate and both chloride and perchlorate would be 
encountered if constant ionic strength solution, maintained by NaC10 4 and/or HC10 4 , 
were used in the nitrate and chloride studies. Consequently, a study analogous to 
that reported for the extraction of Th(IV) by HDEHP in which the nitrate concen¬ 
tration of a 10F (HN0 3 + HCIOJ aqueous phase was varied in order to establish 
the nitrate dependency was not feasible. As a substitute, the studies represented by 
Figs. 5 and 6 were made. 

Since the HDO</>P data serve to correct for aqueous phase nitrate complexing of 
Th(IV) and for general /i-effects, assumed to be the same for the two extractants, the 
corrected HEHfEHP] data of Figs. 5 and 6 should represent the nitrate and chloride 
dependencies, respectively. 

From the K 2 and values at 0*1 OF and 1-0 F H+ of Fig. 1, it may be calculated 
that the relative concentrations of the two-nitrate and one-nitrate extracted entities at 
0-10F and 1-0F H f (ju = 10) should be, respectively, 3:10 and 3:1. Therefore, the 
corresponding total N0 3 :Th ratios should be 1*23 and 1*75, values which agree very 
closely with the respective experimental values of 1-24 and 1 -65 of Table 1. 

The Cl~.Th ratios of Table 1 are not so readily correlated with the chloride data 
of Fig. 2, since the extractant dependency of the chloride containing entity is not the 
same as that of the chloride-free entity and the concentrations of extractant employed 
in the gross studies were much greater than that of Fig. 2. However, the CF.Th ratio 
does decrease with decreasing acidity, as expected from consideration of Expressions 
(7) and (8) and Expressions (7a) and (8a). 

The gross data of Table 2 can not be compared directly with those of Table 1, 
since the extractions of Table 2 are necessarily interpreted in terms of a “monomer" 
mechanism of extraction, i.e. the (X“ + EH[EHP]~)/Th ratio is, within experimental - 
error, 4:1 indicating saturation of the extractant. Jt seems likely that all of the species 
represented in Table 2 are polynuclear, 141 with phosphonate groups acting as bridges. 
Conversely, the species of Table 1 are mono-nuclear, as demonstrated by the fact that 
K is independent of the concentration of Th(IV) in the aqueous phase in tracer-level 
studies. 
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BENZENE EXTRACTION OF STANNIC IODIDE 

D. D. Gilbert* and E. B. Sandell 

School of Chemistry, University of Minnesota, Minneapolis 14, Minnesota 

{Received 8 January 1962; in revised form 12 February 1962) 

Abstract—The extractability of tin (IV) iodide by benzene from aqueous solution has been determined 
as a function of acidity, iodide concentration, and tin concentration Anionic lodo tin (IV) species 
are not evident up to 5 M iodide The extractability of tin decreases with increasing tin concentration 
in the aqueous phase The partition coefficient [SnI t ] he a iene /[SnI Jh»o has a value of 2000 ± 150 at 
an ionic strength of 5 M. 


In connection with the development of an extraction method for the analytical 
separation of tin/ 1 ’ the effects of various factors on the benzene extractions of Snl t 
from aqueous solution were investigated. Because no equilibrium constants for the 
hydrolysis in tin (IV) solutions are available, the results cannot be interpreted 
quantitatively at the present time although general trends can be explained. 

Hildebrand and Dorfman (2) determined the solubility of stannic iodide in a 
number of organic solvents. At 25° the solubility of Snl 4 is 15-17 gin 100 g of benzene. 
The weight percent solubility m benzene is greater than m any other solvents used with 
the exception of carbon disulphide, and, accordingly, benzene was selected as the 
extracting solvent in the present work. 

EXPERIMENTAL 

Stannic iodide was prepared by heating granulated tin metal with iodine in carbon tetrachloride. 
The product, recrystallized from carbon tetrachloride, had a melting point of 143-144° (literature 
value 143 5°) and contained 81 25 %I as determined by Volhard titration (theoretical value 81 03 %I). 

A standard stock solution of stannic tm (1 mg/ml) was prepared by dissolving Un metal in hot 
concentrated sulphuric acid, fuming to expel SO, and diluting, after cooling, to an acidity of 3 M 
sulphuric acid. This solution showed no evidence of hydrolytic precipitation after 8 months. 

The distribution of tm between the aqueous and benzene phases was studied m either (or both) of 
two ways In the first, the aqueous solution containing tin (IV), sodium iodide, sodium perchlorate 
(to adjust the ionic strength), and sulphuric acid (sometimes pepchlonc acid) was shaken for 1-5 nun 
with reagent-grade benzene. This period of shaking was found to be sufficient for attainment of equi¬ 
librium, additional shaking for 30-60 mm m some experiments produced no significant change in 
distribution. In the second method, a freshly prepared solution of stannic iodide m dry benzene was 
shaken with an aqueous solution of the desired composition The introduction of sulphuric acid 
with an aqueous standard tm solution was thus avoided and complexing of tin (IV) with sulphate ion 
was eliminated. All extractions were carried out at 25° 

Tin was determined spectrophotometncally with phenylfluorone in the phase having the lower tm 
concentration 111 Tm in the benzene phase was transferred to an acidic aqueous solution before 
determination. 

Molar absorptivities of stannic iodide m benzene were determined with a Cary Model 10-11 
recording spectrophotometer whose wave length scale had been calibrated against mercury, sodium, 
mckel, and potassium emission lines. 

’ California Research Corporation, Richmond, California 

D D Gilbert and E. B. Sandbll, Microchem. J. 4, 491 (1960). 

‘ ^ H. Hildebrand and M. E. Dorfman, J. Amer. Chem. Soc 49, 729 (1927). 

D Edwards and T. Moeller, Inorganic Syntheses, Vol 6, p. 119 McGraw-Hill New York (1953). 
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DISCUSSION 

Thk extracted species 

Spectra of a benzene extract of tin (IV) from an aqueous phase and of a benzene 
solution of Snl 4 (Fig. 1) are identical, with Snl 4 molar absorptivities of 9120 and 
86201. mole -1 cm -1 at 365 and 300 m/x, respectively. * A molecular weight deter¬ 
mination of stannic iodide in benzene (0-5 g and 1-0 g Snl 4 in 25 ml) by freezing point 
depression gave the values 613 and 629; the formula weight of Snl 4 is 626. No 
significant polymerization of stannic iodide in benzene is indicated. 



Fig. 1 — Absorption spectra of stannic iodide in benzene and of a benzene extract of tin 
(IV) from an acidic, aqueous iodide solution 
A 0-5 mg Snl 4 /ml C„H 4 , B Extract of Sn(IV) from an aqueous phase 0-025 M in Nal, 

3-0 M in HCI0 4 , ionic strength 5 0 M 1cm Vycor cells with 0 904 cm silica spacers 
Beckman Model DU spectrophotometer. 

Partition coefficient of stannic iodide 

The partition coefficient [SnI 4 ] 0 /[Snl 4 ] w (o = benzene, w = aqueous phase) was 
estimated at an ionic strength of 5-0 M by seeing whether the extraction coefficient of 
tin, E = [SnI 4 ] 0 /2[Sn] w , could be made to approach a constant value at high iodide 
and hydrogen-ion concentrations (anionic iodo tin complexes have little tendency to 
be formed). As seen from Table 1, the extraction coefficient of tin increases only from 
1940 to 2100 (±150) as the iodide concentration is increased from 1-0 to 2-5 M 
However, to maintain the ionic strength constant at 5-0 M, the perchloric acid 
concentration must be decreased from 4-0 to 2-5 M as the iodide concentration is 
increased, so that an increase in hydrolysed tin species may contribute to a slowing 
down in the increase df the extraction coefficient. Moreover, the salting out effects 

* The absorption curve of Snl 4 in benzene is very similar to that in chloroform and /-butyl alcohol, 
as determined by Katzin.' 41 

141 L. I. Katzin, J . Chem. Phys. 23, 2057 (1955) 
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Table 1.— Extraction coefficient of tin (IV) at .high acidities and 

IODIDE CONCENTRATION* 


HCIO, 

(M) 

Nal 

(M) 

Sn (Total) 
Og) 

[Snide 
(M x 10*) 

2[SnJ w 
(M x 10*) 

[SnI*lo/S[Sn], 

10 

15t 

950 

1600 

4-2 

380 

10 

4-0f 

1030 

1740 

F7, 

1020 

40 

10 

1500 

2530 

1-3 

1940 

25 

2-5 

2856 

4800 

2-3 

2100 


* Ionic strength 5-OM (NaCIO, where necessary), 25-0 ± 0-2°. 
t V 0 = y w = 5 ml. In other experiments, V 0 = 5 ml, V 9 => 20 ml. 


of HC10 4 and Nal on stannic iodide are not likely to be the same. Nevertheless, it can 
be said that <~2000 is the lower limit of [SnI 4 ] 0 /[SnI 4 ] w for an aqueous solution of the 
above composition. The true value may not be far from this. 

Effect of iodide concentration on stannic iodide extraction 

In Fig. 2 the extractability of tin in terms of percentage extraction and of log 
([SnI 4 ]o/2[Sn] w ) is plotted against the iodide concentration in the aqueous phase for 
ionic strengths of 3-2 and 5-2 M at a low acidity (0-15 M sulphuric acid). The salting 
out effect of sodium perchlorate is marked. Thus, at 2-0 M I - , the extraction 
coefficients are respectively 15-6 and 158 for ionic strengths of 3-2 and 5-2 M. At the 
higher ionic strength, the extraction coefficient of tin reaches a virtually constant value 
in the range 3-5 M iodide. There is no evidence for the formation of an appreciable 
amount of anionic iodo tin (IV) species under these conditions, although rubidium and 



Fro 2.—Extractability of tin as iodide at two ionic strengths. 

-- Per cent tin extracted;-Log E — Log ([SnI,]/ 0 L[Sn] w ) o Per cent extracted 

at ionic strength 52M 0 Log £ at ionic strength 5 2 M A Per cent extracted at ionic 
strength 3-2 M A Log £ at ionic strength 3 2 M. 25-0 ± 0-2°, 1256^ total tin, 015 M 
H,SO„ V w = 20 ml, V a = 5 ml 
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cesium iodostannates have been prepared by mixing alcoholic HI solutions of stannic 
iodide with an HI solution of the alkali iodide. <S) The slight tendency to form anionic 
iodo species is in accord with the relatively small size of tin (IV) ion. 

A series of extraction experiments were run in 2-0 M perchloric acid at low iodide 
concentrations (0-015-0-15 M), with two concentrations of tin (initially 1 and 10 mg 
in 20 ml of aqueous phase). Under these conditions, the logarithm of the extraction 
coefficient of tin increases linearly with the logarithm of the iodide concentration up 
to about 0-10 M iodide, above which it begins to fall off (Fig. 3). The variation of the 



1-7 1*3 1-3 M 0-9 

-L0G2[I] W 

Fig 3.—Extraction coefficient of stannic iodide as a function of iodide concentration 
—O—O—1 mg total tin, —A— 10mg total tin 

25-0 ± 0-2°, ionic strength 5-0 M, 2-0 M HC10„ V w = 20 ml, V 0 — 5 ml 


logarithm of the extraction coefficient of tin with the logarithm of the total equilibrium 
iodide concentration in the aqueous phase is given by the following expression, in which 
the charges of the species have been omitted • 

d log E 
3logI[I] w = 


4- 


2 *[SnI J + 2 /[Sn(OH)*l,] + 2 «c[Sn„(OH) v I,] \ 

i kl xyi I 

2 [SnlJ + J ISn(OH),] + 2 lSn(OH)*I t ] + 2 *[Sn,(OH)„U/ 

x i j kl xyz 

/ [I] + 2 flSnIJ + 2 /[Sn(OH)J,] + 2 z[Sn,(OH)„I z ] \ | 

y / _»_ kl _ XV£ _ _ I 1 

\[I] + 2 + 2 /’[SKOHyj + 2z 2 [Sn a (OH) v IJ/ 

' 1 kl XVI 

where 2 [SnlJ represents the sum of the equilibrium aqueous concentrations of Sn 4+ 
Snl 3+ , Snl 2 * + , Snl 8 + , aad Snl 4 ; and similarly with 2 [Sn(OH)J except j =£ 0, and with 
2 [Sn(OHyj except k and 1^0; x > 1 in 2 [Sn^OHy,]. If the free iodide 

kl xvz 

« 

<*’ W. Werker, Rec. Trav. Chim. 5%, 257 (1939). 
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concentration is markedly greater than the sum of concentrations of the aqueous 
lodo-tin species, Equation (1) can be written: 


or, 


d log E _ d log E 

siog2m~ai^m 


— 4 — (2 i/snl + 2 \fi n(OH) 1 + 2 ^Sn(OH)l) 
* i kl kl rw x vi 


3 log E 

a log 2 m “ 


ft, 


} 


where/ SnIi ,/ Sn (OH) t i,> and/ s ^ (0H)i/Ij are fractions of tin present as the various iodo-tin 
species in the aqueous phase at equilibrium and ft is the average number of iodide 
ligands per tin (IV) species. 



Fig 4.—Extraction coefficient of stannic iodide as a function of acidity. 

A 0-50 M Nal, B 0 061 M Nal, C and D 0-025 M Nal. (All initial concentrations) 
Sulphuric acid present in A, B, and D, but absent m C 1 mg total tin in each case. 
25 0 J; O r, ionic strength 5-0 M (C) and 5-2 M {A, B, D), V w = 20 ml, V 0 = 5 ml 


Thus, a linear variation of log E with log ]T[I] W is to be expected if (1) the free 
iodide concentration is markedly greater than the concentrations of the aqueous 
iodo-tin species and (2) the average number of iodide ligands per tin (IV) species 
remains approximately constant. The slope of the linear portion of Fig. 3 gives a 
value of 1-4 for ft. With a value of 2000 for the partition coefficient of stannic iodide, 
no more than 10 per cent of the tin in the aqueous phase at equilibrium can be present 
ds Snl 4 at the highest iodide concentration (0-15 M) in the series. 

Effect of acidity and temperature 

The extraction coefficient of tin at various iodide concentrations is plotted as a 
function of the acidity in Fig. 4. At low iodide concentrations, the extraction of tin is 
''till increasing in 3-5-4 M perchloric acid, indicating appreciable hydrolysis at these 
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m 

Jiigh acidities. The compiexing of tin (IV) by sulphuric add is incidentally demon¬ 
strated in this figure (cf. C and D). 

The extractability of tin is unaffected if a solution prepared by dilution of a 
standard tin solution in sulphuric acid to 1-0 M in perchloric acid (ji = 5-2 M) is 
allowed to stand 20 hr before addition of iodide and subsequent extraction, instead of 
being extracted immediately after dilution. 



Fig 5 —Extraction coefficient of stannic iodide as a function of total tin concentration 
A. O-JOO M Nal, 2-0 M HCIO,; B 0 100 M Nal, 10 M HCIO,; C 0 050 M Nal, 1 0 M 
HCIO,. (Equilibrium iodide and initial perchloric acid concentrations are given ) 

25-0 ± 0-2°, ionic strength 5-0 M, K w = 20 ml, V Q — 5 ml 

At constant acidity (above 1-7 M perchloric acid) and iodide concentration 
(0-025 M), the extractability of tin increases with a rise in temperature. Thus, m the 
range 2-4-5 M perchloric acid, the extraction coefficient E increases by approximately 
150 per cent from 25° to 30°. 

Effect of tin concentration 

At constant acidity and iodide concentration, the extraction coefficient of tin 
decreases with increasing tin concentration. A plot of log E against the negative 
logarithm of the aqueous tin concentration, —log ^[Sn], gives a linear relation or a 
close approach to it (Fig. 5). In these runs the iodide concentration was adjusted so 
that it was constant for any one series at equilibrium. The formation of polynuclear 
tin species is indicated, although it is not possible to interpret the results on the basis 
of a model in which pne or more mononuclear tin species is in equilibrium with a 
single predominant polynuclear tin species. 

Acknowledgement— One of us (D. D. G.) wishes to thank the Shell Companies Foundation,Inc > a " d 
the Procter and Gamble Company for fellowships held during the 1958-195 9 academic year and t c 
summer of 1959. 
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aqueous systems at HIGH TEMPERATURE—VII 
liquid-liquid immiscibility and critical phenomena in 

THE SYSTEMS U0 3 -S0 3 -H 2 0, U0 3 -S0 g -D 3 O AND CuO-SO a -D t O; 

270—430 o C* (1) 

William L. Marshall, Ernest V. Jones, G. M. Hebert and F. J. Smith 
R eactor Chemistry Division Oak Ridge National Laboratory Oak Ridge, Tennessee 

(Received 1 February 1962) 

Abstract— In the condensed systems U0,-S0,-H 8 0, UOs-SO,-D a O and CuO-SO,-DjO boundary 
limits of liquid-liquid immiscibility were extended to compositions at which Li => V = supercritical 
fluid at several fixed concentrations of S0 3 These (isothermal) critical end points were found at 
temperatures between 374 and 430°C with solutions having molal ratios, m metuuc 0llae m S03 , be¬ 
tween 0 20 and 0-50 depending upon the concentration of SO, in the systems A second liquid phase 
was not observed at lower molal ratios Instead, critical phenomena (in this paper used to designate 
the disappearance of the meniscus between liquid and vapour phases and not to specify the appearance 
of a second liquid phase) revealed concentrations of UO, or of CuO as high as 0-25 molal in a super¬ 
critical fluid SO.-DjO, 1-0 molal in SO,. These observations coincided with those made previously 
which showed an appreciable solubility of the NiO component in the supercritical fluid SO,-H t O. 

Previous investigations of liquid-liquid immiscibility in the systems U0 3 -S0 3 -H 2 0 
and U0 3 -S0 3 -D 2 0 at high temperature have disclosed (1) boundary limits of tem¬ 
perature and composition for stoicheiometric U0 2 S0 4 in H 2 0 and D a O, (t 3) (2) some 
boundary limits for solutions of molal ratio, m UOj :m SOj , varying from 0-33 to l-2, <8) 
and (3) compositions of the heavy and light liquid phases in equilibrium. 141 Another 
investigation has disclosed boundary limits of liquid-liquid immiscibility for the 
systems 


U0 2 SO 4 -H 2 SO 4 -H 2 O, CuS 0 4 -H 2 S0 4 -H 2 0, and U0 2 S0 4 -CuS0 4 -H 2 S0 4 -H 2 0 


at molal ratios, (m UOj + m Cu0 ):m S0i , varying from 0-72 to l-00. <5) In earlier work, 
Secoy observed a solubility of U0 2 S0 4 in super-critical H 2 0 containing low concen¬ 
trations of h 2 so 4 . 161 

The purpose of this present investigation was to extend the determination of phase 
boundaries in the condensed systems to a wider range of SO s concentration and to 
molal ratios, m uo :m a „ or m Cu0 :m an , designated R v and R Cu , respectively, as low 
as 0-1 at temperatures from approximately 300° to critical temperatures (whereLj = V). 
From the observations of Secoy and from extrapolations of earlier two-liquid phase 
data to temperatures near 400°, it was expected that compositions at which L x = V = 

* This paper is based on work performed at Oak Ridge National Laboratory, which is operated 
by Union Carbide Corporation for the Atomic Energy Commission. 

111 Previous paper in series: “Investigations on the System NiO-SO,-H,0 and its D,0 Analogue from 
'O' 4 to 2 m SO„ 150-400°C.” W. L. Marshall, J. S. Gill and R. Slusher, J Inorg Nucl. Chem 
In press (1962). 

c H Secoy, J Amer Chem Soc 72, 3343 (1950). 

H F McDuffie, Review in Fluid Fuel Reactors (Edited by J A. Lane, H. G. MacPhcrson, F. 
,« aslan) pp, 85-127 Addison-Wesley Reading, Mass. (1958). 

v Jones and W. L. Marshall, J. Inorg. Nucl. Chem. 23, 287 (1961). 

„ T E Clark, J. S. Gill, R. Slusher and C. H. Secoy, J. Chem. Engng. Data , 4, 12 (1959). 

C H Secoy, Report ORNL-607, pp. 33-38 (1949). 
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super-critical fluid would be found indicating appreciable solubility of U0 8 and CuO 
in supercritical fluids S0 8 -H s 0 and SO a -D s O. 

In addition to being of fundamental interest, the phase boundary information on 
the systems containing uranium would be useful in specifying operating limits of 
temperature and composition for aqueous homogeneous reactor fuels. Information 
on systems containing copper would be useful since copper has been included in fuel 
compositions as a catalyst for the recombination of radiolytic H 2 and 0 2 . ,s> The 
operating temperatures of aqueous homogeneous reactors might be extended above 
370° by using fuels of compositions showing critical phenomena but no phase changes 
at considerably lower temperatures. The vapour phase could be eliminated at all tem¬ 
peratures by maintaining a hydrostatic pressure on the system greater than the critical 
pressure. 

This paper presents some liquid-liquid immiscibility limits of temperature and 
composition as well as some temperatures for critical phenomena in the systems 
U0 8 -S0 3 -H 2 0, U0 3 -S0 8 -D s O, and Cu0-S0 8 -D 2 0. 

EXPERIMENTAL PROCEDURES 

The preparation of stock solutions of UO, or of CuO dissolved m H»SO,—H,0 or D,S0 4 —D s O, 
and the chemical analyses for UO a , CuO and SO a were performed in the manner described previous- 
ly. 1 *- 71 The source of the U0,-H»0, H,SO,. and D a O reagents was the same as for the previous 
work although the D,0 was found by an improved analysis to contain only 0-3 % H 2 0 instead of 
2% reported previously 

Experimental runs by the synthetic method were carried out m the type of apparatus described 
elsewhere'” using quartz capillary tubes which contained solutions of known compositions Super- 
saturation by the heavy liquid phase was not observed The absence of supersaturation in experiments 
conducted previously'” 5 .” indicated that no supersaturation was to be expected in these experiments. 
Appearance of immiscibility or critical phenomenon was instantaneous at temperatures defining the 
phase boundary limits. The tubes containing solutions were filled 40-50 per cent full at 25“ and at 
final temperatures were from 50-90 per cent full 

RESULTS AND DISCUSSION 

Experimental data given in Tables 1,2 and 3 are shown graphically in Figs. 1,2 and 
3 for the systems U0 3 -S0 3 -H 2 0, U0 3 -S0 3 -D 2 0, and Cu0-S0 3 -D 2 0, respectively. 


Table 1 —Temperatures (°C) for the appearance of uqued-uquid 

IMMISCIBILITY AND CRITICAL PHENOMENA IN THE SYSTEM UO,-SO s -HjO; 


Molal ratio 
m vo J m eo, 

0.2000 

SO, (molality) 

0 1000 0 0500 

0 0200 

1000 

298-0/* 

308 9/ 

321-OL + 5 

<3505 

0-950 

301 5/ 

312-2 L 

— 

— 

0-900 

306-8 L 

316-3 L 

327 01 + 5 

<3505 

0 800 

316 0 L 

324 8 L 

333 6/ 

— 

0-750 

— 

-- 

— 

351-8/ 

0-700 

325-0L 

331 51 

340 6 L 

— 

0-600 

334 2 L 

340 01 

348 2 L 

357-8/ 

0 500 

344 6 L 

348-8/ 

356-0 L 

362-8/ 

0-400 

357 SL 

358 3/ 

363 0 L 

368-4/ 

0-300 

3700 L 

368 5 L 

370 4L 

375/C(?) 

0-250 

— 

— 

— 

374C 

0-2000 

380C 

377/C(?) 

378 C 

— 

0-1000 

— 

— 

377 C 

— 

0-0000 

380C 

379C 

— 

— 


• L = liquid-liquid immiscibility, C = critical phenomena, 5 = solid phase (presumably UO s hydrate) 

,71 E. V. Jones and W. L. Marshall,/. Inorg. Nucl. Chem. 23, 295 (1961). 

( ” C. J. Barton, G. M. Hebert and W. L. Marshall, /. Inorg. Nucl. Chem. 21,141 (1961). 
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Table 2.— Temperatures (°C) for the appearance-op liquid-uquid 
immiscibujty and critical phenomena in the system U0,-S0,-D,0; 

Molal ratio SO, (molality) 


m V o,l m ao , 

1.000 

0-800 

0-600 

0-364 

0-2000 

0-1000 

0-0500 

0-0200 

1000 

277-5/* 

211-iL 

278-5 L 

281 0 L 

287-8/.1 

297-4 L 

313-0 L 

$11,5 

0-800 

306-3/ 

299-2/ 

301-2 L 

302-6L 

306-8 L 

315-5L 

328-0/, 

337-7/ 

0-600 

341-8 / 

332-7/ 

331-0/, 

328-2 L 

329-2 L 

332*5 L 

343-3/ 

3520/ 

0-500 

360-5/ 

355-5/ 

— 

— 

— 

— 

352-3/ 

358-7/ 

0 400 

378-7/, 

375-8/, 

367-8L 

358-7/- 

359-3 L 

354-5L 

362-5/ 

3650/ 

0 300 

396C 

378C 

383-6L 

375 -2L 

— 

— 

374C 

me 


(0-59)f 

(0 62) 

— 

— 

— 

— 

(0 48) 

(0-47) 

0 2000 

399C 

396C 

392C 

383C 

380C 

375C 

me 

me 


(0-61) 

(0-52) 

(0-50) 

(0-49) 

(0-44) 

— 

(0-48) 

(0-48) 

01000 

402C 

399C 

395C 

383C 

377C 

— 

J1JC 

374C 


(0-61) 

(0 51) 

(0 43) 

(0 49) 

(0-53) 

— 

(0-52) 

(0-50) 

0-0000 

408C 

400C 

392C 

384C 

me 

376C 

373C 

372C 

» L = liquid-liquid immiscibility, 

C = critical phenomena, S = 

solid phase (presumably UO 

hydrate). 









■} Value in parentheses 

= density of supercritical fluid at temperature. 




Table 3. — Temperatures (°C) for the appearance of liquid-liquid 


IMMISCIBILITY AND CRITICAL PHENOMENA IN THE SYSTEM CuO-SO, 

-D.O; 


Molal ratio 




SO, (molality) 




twcuo/^lso. 

1-000 

0 800 

0 600 

0 364 

02000 

01000 

0 0500 

00200 

1 000 

S* 

5 

S 

5 

s 

S 

S 

s 


326/ 

3251 

s 

5 

s 

S 

S 

s 


347/, 

341/ 

350 L 

336/. 

334/, 

s 

S 

s 

600 

367/. 

363/ 

361 L 

352/, 

354/. 

360 L 

S 

s 

■500 

384/ 

381/ 

373/, 

367/, 

372/. 

378/, 

374C 

s 

•400 

408/. 

400/ 

385 L 

381 L 

381C 

me 

374C 

me 

-300 

428/ 

419/ 

397L 

389C 

380C 

376C 

me 

me 

-2000 

422C 

411C 

393C 

387C 

me 

376C 

me 

me 

•1000 

415C 

406C 

391C 

385 C 

me 

me 

373C 

me 


* L = liquid-liquid immiscibility, C — cntical phenomena, S — blue-green solid (presumably 
2CuO CuSO, 2D a O) 

The symbol (+5) used in Table 1 indicates a small amount of solid forming at 
temperatures somewhat below those reported for liquid-liquid immiscibility. The 
combined symbols LC{ ?) designate an apparently simultaneous appearance of second 
liquid phase and critical phenomenon. Where only the symbol S is given but no 
temperature is reported a solid phase appeared at temperatures considerably below 
those for liquid-liquid immiscibility or critical phenomenon. Also included in Fig. 1 
are some liquid-liquid immiscibility temperatures interpolated from the data of 
Clark et al. (b) Each curve represents phase boundary conditions of temperature and 
composition expressed as molal ratios R v and R Ca for initial compositions containing 
a fixed concentration of SO s , specified for each curve. There are two phase boundary 
regions shown for each system—that of liquid-liquid immiscibility and that of critical 
phenomenon. For a fixed concentration of SO a the two curves representing these 
boundaries intersect at an (isothermal) critical endpoint where the composition of the 
light-liquid phase (Lj) = vapour phase (V) = supercritical fluid. The compositions 
of heavy liquid phases (Lj) which first appear in the systems U0 8 -S0 8 -H 2 0 and 






TEMPERATURE (*C) w TEMPERATURE (*C) 


998 


W. L. Marshall, E. V. Jones, G. M. Hebert and F. J. Smith 



MOLAL HATIO, "> UOj /» SOj 

1 —System U0,-S0,-H,0, liquid-liquid immiscibility and critical phenomena 



MOLAL RATIO, '" UOj /* IOj 

"*•' Fjo. 2.—System U0,-S0,-D,0, liquid-liquid immiscibility and critical phenomena 
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MOLAL RATIO, <” Cu o/ m so 3 

Fig 3 —System CuO-SOj-DjO, liquid-liquid immiscibility and critical phenomena. 
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U0 3 -S0 3 -D 2 0 as the temperature is raised can be estimated from the data previously 
reported on equilibrium compositions with light-liquid phases. <4) 

In Figs. 1-3 the molalities are the molalities of the solutions introduced into the 
tubes, these solutions being L x . For the dashed curves, which report the temperatures 
of the critical phenomenon of L x and V, the molalities represent also the molalities of 
L and V at the reported, apparent critical temperature. However, the true critical 
temperature (where L — V) can be determined only at a volume filling of L x of 50 per 
cent at temperature. The actual fillings at final temperatures in most instances were 
larger than 50 per cent. But upon comparing some densities of the supercritical fluids 
in Table 2 (obtained from the densities at 25° and the liquid: total-volume ratios) with 
those of pure D 2 0 near its critical temperature, (S) and considering the higher densities 
of the solutions, the reported temperatures are believed to approximate rather closely 
the true values. Fig. 1 shows, in addition, some interpolations from critical tempera¬ 
tures obtained by Secoy and Stuckey for solutions of H 2 S0 4 -H 2 0 at R v = 0 and at 
a final liquid-volume filling of 50 per cent. <10) 

For the curves representing the appearance of L 2 the composition of at the 

G M. Hebert, H. F. McDuffie and C. H. Secoy, J. Phys. Chem. 62, 431 (1958). 

11 " J E Stuckey. Ph.D. Dissertation, The University of Oklahoma Graduate College, Norman, 
Oklahoma (1957). 








1400 W. L. Marshall, E. V. Jones, G. M. Hebert and F. J. Smith 

II 

recorded temperature will vary somewhat from the initial composition with variation 
inthe percentage of filling. It was shown previously, however, that in the system 
UOj-SOg-HjO the immiscibility temperature was little affected by moderate changes 
in this percentage of filling.* 8 * 

At high concentrations of S0 3 the addition of U0 3 lowers the critical temperature. 
This may arise from a higher degree of association of U0 2 S0 4 than of H 2 S0 4 ; thus 
as U0 8 is added a decrease in concentration of ionic species lowers the critical 
temperature. As more UO a is added R v increases sufficiently that upon raising the 
temperature of the system liquid-liquid immiscibility rather than a critical phenomenon 
(L = V) is observed. For the system CuO-S0 3 -D a O at constant molality of S0 3 the 
addition of CuO component invariably raises the critical temperature (Fig. 3). 
Therefore CuS0 4 at these temperatures may dissociate to a greater extent than D 2 S0 4 
and thus raise the critical temperature. 

From Figs. 2 and 3 it is seen that U0 3 and CuO are soluble up to a concentration 
near 0-3 molal in a supercritical S0 3 -D 2 0 fluid which is 1-0 molal in SO„. These 
observations and a similar one on the system Ni0-S0 3 -H 2 0 (but near 01 molal NiO 
in 1-0 molal S0 3 ) H) indicate that other metallic oxides may show high solubilities in the 
supercritical fluids S0 3 -H,0 and S0 3 -D a O. 

Acknowledgement —The authors thank Professor J. E. Ricci, New York University, for his constructive 
review of the manuscript 
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THE AMMONOLYSIS OF VANADIUM (III) BROMIDE 

D. Nicholls , 

Department of Inorganic, Physical and Industrial Chemistry, , 

The University, Liverpool 

( Received 16 October 1961; in revised form 1 December 1961)' 

Abstract— Tensimetric and liquid ammonia extraction studies on the system VBr,-NH, show that the 
overall ammoniate VBr,.7NH Sl formed at —36° is a mixture of VBr a NH,.5NH, and NH«Br. The 
ammonobasic vanadium (III) bromide is soluble in liquid ammonia solutions of ammonium bromide 
so that VBr, is largely soluble in ammonia Reaction with alkali metal in ammonia»solutions yields 
the inside M 1 V(NH), and the alkali metal amide The thermal decomposition of the reaction 
products has been studied. 

While vanadium (IV) chloride is extensively ammonolysed in liquid ammonia* 1 ’ it is 
to be expected that the vanadium (III) halides will be considerably less, or even not at 
all, ammonolysed in view of their more polar nature. Thus several workers report the 
formation of ammoniates by the vanadium (III) halides. Meyer and Backa * 21 found 
that vanadium (III) chloride and bromide add approximately six molecules of ammonia, 
forming the hexammines [V(NH 3 ) B ]X 3 , at the boiling point. Ephraim and Amman**’ 
confirmed these results and found that no ammonobasic products were formed in 
liquid ammonia. More recently, Jantsch et al. w have reported ammoniates 
V(NH 3 ) a! Cl 3 where x = 12, 7, 6, 5, 3 and 2; the 7-ammoniate being the stable phase 
at —40° and the 6-ammoniate at 10°. None of these workers have found any ammonoly- 
sis of the vanadium (III) halides and consequently vanadium (III) bromide was chosen 
as a starting material for synthetic reactions in liquid ammonia. The discovery that 
it was ammonolysed led us to investigate the reaction further in order to discover its 
extent 

The initial reaction of ammonia with vanadium (III) bromide appears to be the 
co-ordmation of six molecules of ammonia to the vanadium atom to give the latter the 
octahedral symmetry analogous to that found in the hydrates [V(H 2 0) B ]X 3 : 

VBr 3 + 6NH 3 -> [V(NH 3 ) 9 ]Br 3 
This is followed by ammonolysis: 

[V(NH 8 )„]Br 3 + NH 3 - [VNH 2 (NHj) 6 ]Br 2 + NH*Br (2) 

at least in liquid ammonia, so that an insoluble ammonobasic bromide is obtained 
upon filtration of the reaction mixture. However, some interaction between the 
ammonobasic vanadium (III) bromide and ammonium bromide occurs in liquid 
and the resultant solution probably contains complex vanadium anions: 

VBr 2 NH 2 + NH 4 Br — NH 4 [VBr 3 NH 2 ] 

This accounts for the large solubility of vanadium (III) bromide in ammonia; some 
25 per cent (approximately) of the vanadium not being dissolved. As would be 

*7- W. A Fowles and D. Nicholls, J . Chem Soc. 1687 (1958). 

J Meyer and R. Backa, Z. Anorg. Chem. 135, 177 (1924). 

' E Epharaim and E. Amman, Helv Chim. Acta 16, 1273 (1933) 

' G Jantsch, K. Bergmann and H. Rupp, Z. Anorg Chem. 262, 223 (1950). 
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expected, addition of extra ammonium bromide results in complete solution of the 
insoluble product. Similar effects were observed in other systems* 1 - 81 and in the 
TiI 4 -NH 8 system' 51 the titanium could be extracted from solution upon an anion 
exchange resin. That the complex vanadium anion is stable only in solution is shown 
by the tensimetric detection of ammonium bromide. 



Fig. 1.—Vapour-pressure-composition isotherm for the system VBr,-NH, at —36°. 

The initial reaction of the alkali metals with vanadium (III) bromide in ammonia 
is that with the ammonium bromide produced by ammonolysis: 

VBr 2 NH a + NH 4 Br + K — VBr 2 NH 2 -)- KBr + NH S + |H 2 

Large quantities of hydrogen are evolved and it is plain that a vanadium compound 
catalyses the rapid decomposition of the alkali metal solutions even at —63°. No - 
evidence is available to suggest that the catalyst is the finely divided metal, as it often 
is, e.g. NiBr 2 reduction.'® 1 The result of this decomposition is that vanadium (III) 
amide VfNH^ formed (either by base catalysed ammonolysis of VBr 2 NH 2 or direct 
nucleophilic attack on VBr 2 NH 2 by amide ion from decomposed alkali metal solution) 
behaves as an amphoteric amide and reacts with e.g. potassamide to give potassium 
tetra-amidovanadate (III). A multiplicity of amide groups around the vanadium atom 
is expectedly unstable so that the final product is potassium iminovanadate (III). 

^(NH,),] — K[V(NH) a ) + 2NH 3 

The sodium salt of similar composition can be isolated only in admixture with the 
insoluble sodamide. 'Attempts ta remove sodamide from this mixture with a liquid 
ammonia solution of ammonium nitrate yielded a product only crudely corresponding 

'** G. W. A. Fowles and D. Nicholls, /. Chem. Soc. 990 (1959). 

•fits. W. Watt and D. D. Davies, J. Amer. Chem. Soc. 70, 3753 (1948). 
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to NaV(NH)j. These salts are readily hydrolysed in moist air and give green solutions 
in acids indicating that they contain trivalent vanadium. These salts appear to be 
identical with those obtained by Schmitz-Dumont and Broja (,) who treated the 
complex vanadium (III) thiocyanate K 8 [V(SCN)»] with potassamide in ammonia. 



Mole ralio NH S / V 

Fig 2 —Thermal decompositions of (a) VBr, 7NHj and (b) VBr,NH,.5NH,. 

The tensimetric study of the VBr 3 -NH 3 reaction shows that at —36° an average of 
one-third of the V-Br bonds are broken since one mole of ammonium bromide per 
mole of vanadium (III) bromide is detected by means of the characteristic dissociation 
pressures of its ammoniates. Since the thermal decomposition of the ammonia 
insoluble product (Fig. 2, plot b) closely parallels that of the ammonolytic mixture 
(Fig 2, plot a) at least up to 100°, it is seen that no interaction is occurring between 
NH 4 Br and VBr 2 NH 2 .5NH S below this temperature. Above 100° rapid decomposition 
of the pentammine sets in and the composition VBr 3 .2NH s reached at 155° (Fig. 2, 
plot a) probably represents a mixture of NH 4 Br with polymeric VBr 2 NH 2 . This 
mixture evidently interacts to some extent since a yellow sublimate containing 4-7 per 
cent of the vanadium, appears with ammonium bromide above 174°. Although this 
vanadium compound could not be isolated it seems likely that it has the empirical 
formula VBr 3 .2NH 3 since deduction of this composition from the sublimate analysis 
(Table 2) leaves the 1:1 ratio required for ammonium bromide. A similar sublimate 
has been found in the 

VBr*NH 2 + NH 4 Br -*■ VBr 3 + 2NH 3l -^|> VBr g .2NH s 
reaction of vanadium (III) chloride with gaseous ammonia at 325° (8) and the compound 
VCl 3 .2NMe 3 which is purified by vacuum sublimation has been shown to be five-co- 
ordinate.^* 

At 208°, sublimation of ammonium bromide from the ammonolytic mixture is 
complete and the residue has the composition VBr 2 . M N 0 .s 5 . Above 270° and up to 

!„! ° Schmitz-Dumont and G. Broja, Z. Anorg. Chem. 255, 299 (1948). 

G W. A Fowles, P, G. Lanigan and D. Nicholls, Chem. and Indutr. 1167 (1961). 

G. W A Fowles and C. M. Pleass, J. Chem. Soc. 1674 (1957). 
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, 400°, 0*5 mole HBr/g. atom V are evolved and the residue is VBrj.ggNo.*. While the 
violet solutions obtained upon hydrolysis of these thermal decomposition products 
indicate that some divalent vanadium is present, the magnetic moment of the 400° 
product is 2-06 B.M. This low magnetic moment must arise through removal of the 
ammonia ligands, (i.e. the magnetic dilution around the vanadium atoms) with the 
resultant spin-spin coupling giving interaction of the anti-ferromagnetic type. The 
thermal decompositions are obviously complex but the major reactions appear to be 
illustrated by the scheme (monomeric formulae written for simplicity); 

VBrj.NHj. 5 NH 3 + NHjBr — VBr 2 NH 2 + NH 4 Br + 5NH S 
(VBr a .7NH 3 , -37°) (VBr 3 .2NH 3 , 155°) 

I 

VBrNH + HBr — VBr 2 NH 2 + NH 4 Br 

residue (VBr 3 .2NH 3 ) 

\ sublimate 

HBr + VBr 2 NVBr VBr 2 NHVBr 2 + NH 3 
(VBr, 5 N 0 . 5 ) 


The simultaneous decomposition of VBr 2 NH 2 by two paths i e. giving NH 3 and HBr, 
is necessary to account for the formation of the ammonium bromide sublimate in the 
decomposition of the insoluble product. 

EXPERIMENTAL 

Materials 

Vanadium (III) bromide was prepared by the reaction of bromide with pure vanadium in a nitro¬ 
gen atmosphere at 550°. The product sublimed from the hot zone and was collected in glass bulbs 
which were sealed off in situ. Oxybromide impurities were removed from the black flakes by vacuum 
sublimation. The product was stored in sealed ampoules under dry nitrogen (Found, V, 17 7, Br 82 1, 
VBr, requires V, 17 5; Br 82 5%). Liquid ammonia was dried over sodium. 

Analyses and magnetic susceptibilities 

These were carried out by methods previously described. 11 '*’ 

Reactions 

These were studied under rigorously anhydrous conditions m all glass vacuum apparatus. 

Tensimetric study of the VBr,-NH 3 reaction at —36° 

This was performed in the usual way' 101 and the vapour-pressure-composition isotherm obtained 
is recorded in Fig. 1. 

Thermal decomposition o/VBr, 7NH, 

The results of this decomposition are presented in Table 1 and Fig. 2 (plot a) shows the residual 
compositions at each temperature The analytical data for residues and sublimates is recorded in 
Table 2. The percentage of the original vanadium that volatilized in these decompositions was 4 3 at 
200° and 6-8 at 400°. The residues were pyrophoric m air and gave deep violet solutions in moderately 
strong sulphuric acid The magnetic moment of the 400° residue was 2'06 B M at 25°. 

Reaction o/VBr, with liquid ammonia followed by extraction of the soluble product 

When an excess (100 ml) of ammonia was distilled on to VBr, (l-2g) at —78° and the mixture 
then allowed to warm to the boiling point (—33°); a brown solution and an insoluble brown product 
resulted. The mixture was filtered through a glass sinter and the insoluble product washed with 
several portions of hquid'ammoma. Analyses of the insoluble and soluble products after excess of 
ammonia had been removed at room temperature are presented m Tables 3 and 4. 

,,w G. W. A. Fowles and F. H. Pollard, J. Chem Soc. 4938 (1952). 
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Tabu 1.— Thermal decomposition of VBr,.7NH, 
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OB 

Mole ratio 
gas evolved/ 
V(g.atom) 

Molecular weight 
of evolved gas 

Residue 

Colour 

Sublimate 

Stoichiometry of 
in volatile products: 
V : Br : N 

-36 



Fawn 


1 

3 

6-97 

0 

0-21 


Fawn 


1 

3 

6-76 

23 

010 


Fawn 

f 

1 

3 

©66 

45 

0’10 


Fawn 


1 

3 

6-5(> 

77 

0-24 


Brown 


1 

3 

6-32 

100 

0-84 

16 

Grey-brown 

1 

3 

5-48 

129 

1-95 


Grey 


1 

3 

3-53 

155 

1 51 


Grey 


1 

3 

2-02 

174 

0 31 

15 

Grey 

Yellow 

1 

3 

1-71 

208 

0-23 

16 

Black 

Yellow 4- white 

1 

3 

1-48 

270 

017 

80 

Black 

Yellow + white 

1 

2-83 

148 

320 

0-26 

84 

Black 

Yellow + white 


* 2-57 

1-48 

350 

004 


Black 

Yellow + white 

1 

2 53 

1-48 

400 

006 

82 

Black 

Yellow + white 

1 

2-47 

1-48 


Both products were readily hydrolysed in moist air and gave green solutions upon hydrolysis in 
dilute sulphuric acid. Although insoluble m organic solvents (C„H„ CHC1 S , CC1<), the insoluble 
product dissolved readily in liquid ammonia solutions of ammonium bromide The magnetic moment 
of the insoluble product was 2-96 B.M. 


Table 2 —Analysis of thermal decomposition products of VBr,.7NH, 


Temp. 



Residue 




Sublimate 

CC) 

V 

Br 

N 

V Br N 

V 

Br 

N 

V.Br-N 

200 

22-2 

71 0 

5 21 

1 2 04 0 85 

2-44 

80-4 

13-5 

1.21-01:20-12 

400 

24-9 

72 4 

1 75 

1 1 85.0 26 

300 

801 

13 2 

1:1703:15 99 


Table 3 —Analysis of the insoluble product 


Run 

No. of 
extractions 

Period of final 
evacuation (hr) 

V 

Br 

N Total 

V.Br.N 

1 

13 

3 


17 0 

52 5 

25-9 95-4 

1 1-97 5-55 

2 

4 

14 


170 

52 2 

25 6 94-8 

1-1 96.5 48 

3 

6 

6 


16 8 

526 

26-1 95 5 

1 200:5-65 



Table 4.— 

-Analysis of the soluble product 








Residue on the assumption 

Run 

V 

Br N 

Total 

V.Br:N 

that all the vanadium is 







present as VBr,NH s 4.3NH, 

1 

11 7 

60-7 21 3 

93-7 

1 3 31 6 62 

Ni >»Bri ji 

2 

12 1 

60-2 21-6 

93 9 

1.3-17 6-49 

Ni.jtBrj.j, 

3 

11 6 

62 0 21-4 

95 0 

1-3 41:6-71 

Ni 4 iBti. 41 


Thermal decomposition of the insoluble product 

The brown insoluble product (0 6056 g) was heated in vacuo at 20° intervals, for 2 hr at each tem¬ 
perature, and the plot b Fig. 2 obtained Up to 207° ammonia only was evolved; on heating to 400°, 
some HBr was evolved (found M = 76) and the overall composition of the non-gaseous products 
j''Br,represented a mixture of a black residue (0-3529g) and a yellow and whuie sublimate 
T* 16 su ' 3 '* mate was largely ammonium bromide (Found Br, 81-3; NH 4 Br requires Br, 
6 /o) but gave a positive test for vanadium although the latter was not present in large enough 
quantities to be estimated quantitatively. Comparison of the weight of vanadium originally introduced 
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as VBrjN,.,, (0-1017g) with that recovered in the residue (0 0989g) indicated that a small amount of 
vanadium had sublimed in some form. The black residue gave a deep violet solution in dilute sulphuric 
acid and had the composition VBrj. M N 0 M (Found V, 28 0; Br, 68-6; N, 3-07%). 

Reaction of VBr, with alkali metal in ammonia solutions 

(a) Potassium. A large excess of liquid ammonia was condensed on to weighed quantities of VBr a 
and potassium (excess) at —78°, and the mixture allowed to equilibrate at —63° for 2 hr. Hydrogen 
evolution (Toepler pump) was found to be continuous, not ceasing until decolorization of the alkali 
metal solution was complete. The mixture was filtered at the boiling point and the black insoluble 
product obtained was washed several times with liquid ammonia in order to remove tiny soluble sub¬ 
stances. This material was kept in vacuo for several hours at room temperature before being 
removed from the vacuum system under dry oxygen-free nitrogen It was pyrophoric in moist air and 
gave green solutions in dilute sulphuric acid (Found V, 41-8; N, 23 8; K, 32-6; Br, nil; V:N:K = 
1-00:2-07.1-02). A tensimetnc study of this compound KV(NH)» in liquid ammonia at —63° showed 
that it formed no ammoniates at this temperature and that it contained no free potassamide. It dis¬ 
solved to a brown solution upon treatment with a liquid ammonia solution of ammonium bromide 
Upon thermal decomposition, the black solid lost ammonia gradually until at 200° the composition 
of the residue was VN^uK, 0 < (Found V, 47-4; N, 14-9 %). The soluble portion from the reaction of 
VBr, with potassium contained largely potassium amide and bromide. 

(b) Sodium. When an excess of sodium reacted with VBr, in ammonia, hydrogen was once again 
copiously evolved and sodamide precipitated. The insoluble product appeared to be a mixture of 
sodamide with sodium immovanadate (III), (Found V, 7 80; N, 35 2; Na 54-5%, V:N.Na — 100 
16-41 • 15-47). When the mixture was treated with an excess of ammonium nitrate in ammonia at 
—33°, considerable solution took place (NaNH 2 -* NaNO,) but the vanadium remained largely in¬ 
soluble (Found V, 53 5, N, 23 4% NO a - absent; V N Na = 1 00 1 59:0-87). 

Acknowledgements — The author wishes to express his thanks to Dr G W. A Fowles of the Uni¬ 
versity of Southampton for the use of the Gouy balance and to Mr R. Swindells of this department 
for some experimental assistance 
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Preparation of stoichiometric UO a by thermal decomposition of U0 2 lj* 

(. Received 2 October 1961; In revised form 19 December 1961) 

In the course of an investigation of the system U0,-U 4 0„ it was necessary to have stoichiometric UO, 
as a control. A great deal of work has been done on the preparation of UO,. It has been demon¬ 
strated that most preparative methods lead to nonstoichiomctnc products. Comprehensive reviews of 
its preparation and physical properties are given by Neely 111 , Clayton and Aronson 1 * 1 , and Belle 1 * 1 . 
There are many contradictions on the physical properties of the oxide and is evidence we are dealing 
with a system which is characteristically nonstoichiometnc This is most clearly illustrated by the 
difference in lattice constants observed by numerous workers over a long period of time. The prepar- 
ational methods for UO, can be reduced to several categories: oxidation of uranium metal and 
uranium halides, reduction of higher oxides, thermal decomposition and reduction of diuranates and 
uranyi compounds, and electrolysis of uranyl halides. Of course, there are many variations of these 
reactions, and the composition and physical characteristics of the product appear to be largely de¬ 
pendent upon the chemical and thermal history during preparation. 

Thermal decomposition of uranyl iodide, UO,I,, produces stoichiometric UO, according to the 
reaction: 

UO,I, — UO, + I, 

The iodide is the least stable of the uranyl halides but can be prepared very simply in aqueous solution 
by the metathesis reaction between uranyl sulphate and barium iodide 141 . 

Thermal decomposition of uranyl fluoride 141 , chloride , •' 7, and bromide 1 * 1 has been studied by other 
investigators and has shown a tendency to form higher oxides. Differences in composition and 
physical properties of the oxides formed from thermal decomposition of uranyl halides are presumably 
due to large differences in stabilities of the halides Thermal decomposition of uranyl fluoride produces 
U,0, and uranium fluorides Uranyl chloride and bromide decompose to form a nonstoichiometnc 
product. 

EXPERIMENTAL 

Starting materials 

A banum iodide solution was prepared by neutralizing analytical reagent grade barium hydroxide 
with freshly distilled hydriodic acid. The solution was boiled to expel any CO, coming from traces of 
barium carbonate. Commercial reagent grade hydnodic acid was distilled to remove hypophosphorous 
acid, H,PO,, used as a preservative against oxidation. The distillation was performed under helium 
and the constant boiling mixture (B.P. 125°-126 o /740 mm Hg, 57% HI, sp.gr. 1 -7) was used for the 
neutralization. (Commercial barium iodide contains this phosphorus impunty.) Specially purified 
anhydrous uranyl sulphate was obtained from Mallinckrodt. 

Preparation of uranyl iodide 

An aqueous solution of uranyl sulphate was titrated with freshly prepared iodide solution until no 
further precipitate of banum sulphate was formed. It was necessary to remove the precipitate by 

* This work was performed under contract to the U.S. Atomic Energy Commission. 

111 J. J. Neely, Uranium Dioxide, AEC Report NEPA-355 (1948). 

121 J C Clayton and S. Aronson, Some Preparation Methods and Physical Characteristics of UO, 
^ Powders, AEC Report WAPD-178 (1958). 

131 J Belle (editor). Uranium Dioxide: Properties and Nuclear Applications , US. Government 
Printing Office, Washington, D.C., 1961. 

111 H Truttwin, German Patent D R.P. No. 420,391, from A Brauer and J. D’Ans, Fortschntte in 
der anorganisch-chemischen Industrie, III: 1327 (1924-1927) 

151 L M. Ferris and F. G. Baird, J. Electrochem Soc., 107, 305-308 (1960). 

"" C A. Kraus, AEC Report N-1789, July, 1943. 

1,1 O Johnson, AEC Report CC-1781, October, 1944. 

<8 ’ W. Oeschsner de Coninck, Ch. Acad Sci. 135, 900-901 (1902). 
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filtration or centrifuging several times near the end point to improve visibility. The clear reddish so¬ 
lution of uranyi iodide was transferred to a round bottom flask, attached to a Rrnco film evaporator 
and the water was removed slightly below room temperature at reduced pressure by continuous pump¬ 
ing. The solvent and liberated iodine (25 per cent of the total iodine based on UO,I,) were collected 
in a cold trap at —196°C. The dried dark-brown partially decomposed uranyl iodide was amorphous 
to X-rays. 


Thermal decomposition 

The partially decomposed iodide was transferred to a quartz reaction tube connected to a high 
vacuum system through a cold-finger trap. A resistance furnace was placed around the lower half of 
the reaction tube and thermal decomposition was accomplished by slowly increasing the temperature 
under constant pumping until a temperature of 1100°C was attained. This temperature was main¬ 
tained for a few hours after iodine evolution had ceased Violent evolution of iodine was observed at 
150°C necessitating careful programming of the rate of lemperature increase. After complete decom¬ 
position the reaction tube was sealed-off from the trap and transferred into an inert atmosphere glove 
box where the product was handled. For a 36 g product a SO hr heating period was sufficient for 
complete decomposition. 

X-Ray 

A Debye-Scheirer powder pattern of the final product showed a face centred cubic structure be¬ 
longing unambiguously to UO,. A Norelco symmetrical focusing back reflection camera was used for 
precise determination of the lattice constant Samples were ground to a fine powder, mixed with a 
small quantity of Dow Coming Silicone grease and applied to the sample target in a thm film m an 
inert gas glove box. 

Lattice constants were calculated by the method of Mueller, Heaton and Miller" 1 , adapted for 
the IBM-7090 by Korst et al 1101 The lattice constant was found to be 5 4703 ± 0 0002 A at 20°C, 
using Grbnvold’s'”’ data to correct for thermal expansion This is in excellent agreement with 
Gronvold’s value of 5 4704 ± 0-0008 A at 20°C. 

Analyses 

A standard polarographic technique' 111 was used to determine the O/U ratio by detection of U+* 
formed by the presence of excess oxygen A value of 2 001 ± 0 0005 was obtained for two samples 
chosen at random. Chemical analysis for percentage of uranium metal as a basis for calculating O/U 
ratios cannot produce this kind of accuracy or precision due to the large differences in molecular 
weight and the inherent errors of the methods. Emission spectrographic analysis showed impurities 
at low levels • Ba 0 1 %. Al 0 005 %, Ca 0 004 %, Fe 0 005 % and Si 0 015 % Other impurities were 
insignificant. A substantial reduction of these impurities was obtained by heating the product in a 
degassed tungsten crucible at 1940"C and 10 5 mm for 30 min in an induction furnace under constant 
pumping Emission spectrographic analysis then showed • Ba 0-0025 % and Ca 0 002 % Other im¬ 
purities were below the lower limit of detection The polarographic O/U ratio was 2-001 ± 0 0005 
showing no detectable change as a result of additional heating. The lattice constant was 
5-4704 ± 0 0002 A at 20°C. 

Reduction of U,O e 

For comparison, two experiments were performed using U,0, obtained from the National Bureau 
of Standards. In each of these experiments the U,O s was reduced at 1000‘C by a slow flow of purified 
hydrogen for t, hr, cooled under hydrogen for 24 hr, analysed polarographically, examined by X-ray 
diffraction, sealed under vacuum in a degassed quartz tube, heated to 1150°C for t, hr, quenched 
rapidly in water and again analysed and examined by X-ray diffraction. The diffraction lines were not 
as sharp as the lines produced by “iodide” UO,. The results are given in Table 1 The fact that sub¬ 
sequent heating and quenching causes an increase in the lattice constant (corrected to 25 X) suggests 
the presence of defect structures, possibly a partial retention of an “out-of-step” structure observed by 
Sato et al."" 

M. H. Mueller, L. Heaton and K T Miller, Acta Cryst. 13, 828 (I960) 

,MI W. L. Korst, I. R. Tannenbaum, K. T Miller, private communication (Research Division, 

Atomics International). 

m) F Grunvold, J. Inorg Nucl. Chem 1, 359 (1955) 

« l, » R. M. Burd and G. W. Goward, AEC Report WAPD 205 (1959). 

R. Sato, H Dot, B. Ishh and H. Uchikoshi, Acta Cryst. 14, 763 (1961). 
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Table 1.— Lattice constant for hydrogen reduced U«Q, 
First sample Second sample 


tt 

(hr) 

31 

63 

a« 

(±00002 A) 

5-4695 

5-4680 

O/U 

(±0 0005) 

2-003 

2-008 

t. 

(hr) 

66 

1 

a. 

(±0-0002 A) 

5-4701 

5-4694 
2 007 

O/U 

(±00005) 

2-004 


DISCUSSION 

It has been demonstrated that thermal decomposition of uranyl iodide produces UO a which is 
stoichiometric within the limits of experimental detection Although the dissociation of uranyl iodide 
m solution changes during dehydration both water and iodine are removed without disturbing the O/U 
ratio The oxygen bearing solvent, in this case water, was completely removed at low temperatures 
eliminating the possibility of further oxidation during thermal decomposition at elevated temperatures. 
Sharpness of the diffraction lines in the high angle regions indicates good crystallinity in the product 
produced at 1100°C and also after heating at 1940°C. 

The hydrogen reduction of U s O, gives nonstoichiometric products with vaiying O/U ratios as well 
as inconsistent lattice constants. The fact that subsequent heating and quenching causes an increase 
in the lattice constant requires the apphcaUon of discretion in using the cell dimension as a criterion 
for the attainment of a particular composition' 11 ' 14 - 1 * 1 . 

Acknowledgments —The author wishes to express his gratitude to Dr. W. L Korst for assistance 
with the X-ray work and computations He also wishes to thank Dr. G. G Libowitz and W. A. 
Young for their helpful suggestions and interest 
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1151 R E Rundle, N. C. Baenziger, A. S Wilson and R. A., McDonald, J Amer. Chem. Soc. 70, 
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Neutron capture cross-section of 36 hr 10s Rh* 

( Received 11 May 1961) 

During the course of an investigation in which mass-spectromctric thermal fission yields of ,M Pu 
were measured, the authors found that the yield of loe Pd relative to those of 107 Pd, ,oa Pd and ""Pd 
was anomalously low (factor of two) Similarly, the yield of 10, Pd was anomalously high. 

These phenomena indicate a large neutron capture cross section for 36 hr 10S Rh in the fission 
decay chain as follows- 

4 5 hr 10S Ru JZ+. 36 hr 105 Rh J1+. 10 *Pd 
1 n. Y 

1 0 year 106 Ru 30 sec 1M Rh 1M Pd 

In order to make an estimate of the value of this cross-section, it is necessary to know the flux to 
which the ,M Pu was subjected. This was calculated by three different methods - 

(a) The total number of fissions in the 168 mg of *"Pu irradiated was calculated from the experi¬ 
mental results and found to be —1 1 x 10*° Taking the thermal fission cross-section for ***Pu to be 
750 barns, and knowing the irradiation period to have been 14 days, a value of —3 x 10 u neutrons 
cm 2 sec^ 1 is obtained for the flux, 

(b) Having measured the ,M Cs/ l **Cs ratio and found it to be 0-006, and assuming the capture 
cross-section for ls *Cs to be 30 bams, the flux was calculated and again found to be ~3 x 10 1 * neutrons 
cm -1 sec -1 

* Based on work performed under the auspices of U.S. Atomic Energy Commission. 
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(c) The flux was also calculated from the '“Cs/ ln Cs ratio (= 0 066). Assuming the capture 
cross-section of m Xe to be 3-1 x 10* bams, a value of ~1 x 10“ neutrons ran - * sec -1 is found for 
thei flux. However, this method is heavily dependent on the flux having been constant during the 
irradiation, since it makes use of the short-lived (9-2 hr) u *Xe. The discrepancy between this cal¬ 
culation of the flux and the other two methods suggests that the initial flux during the irradiation of 
the ***Pu was high, but that it dropped to a value of ~1 x 10“ neutrons cm - * sec -1 towards the end 
of the irradiation. 

Using a maximum value of 3 x 10“ neutrons cm - * sec -1 for the flux, the (n, y ) cross-section for 
*“Rh Is found to be >1 8 x 10 4 bams. Experiments are in progress to measure this cross-section 
more accurately by neutron irradiation of 1M Ru and mass-spectrometric measurement of the ,M Pd/ 

m Pd ratio in Pd separated from the Ru. . _ _ 

J. G. CUNINOHAMEf 

Argonne National Laboratory L. E. Glendenin 

Argomte, Illinois A. L. Harkness 

t Exchange scientist from A.E RE., Harwell, England. 


The Nernst law in concentrated sodium perchlorate solutions 

(.Received 2 January 1962; in revised form 23 January 1962) 

In many instances successive stability constants have been measured in aqueous solutions m the 
presence of a large excess of an inert salt. The inert salt is added in the expectation that the common 
solution laws may be applied in terms of concentrations rather than activities. 111 The Nernst law 
governing electrode potentials is a law of this type and has been subjected to a preliminary test by 
Leden. 1,1 We have carried out a further test of this using concentration cells patterned after those of 
Vanderzec and his studcnts.‘*•‘• , • ,, The chief advantage of such cells is that only the potentials due 
to the concentration difference and the very small liquid junction potential are measured. 

The measurements were obtained on cells with three concentric compartments. The solution 
initially present in all three compartments was 0 001 M in CdlGOO,, 0-01 M in HCIO,, and 2 98 M 
in NaC10 ( . A 1 % cadmium amalgam electrode was present in the innermost and outermost com¬ 
partments; the middle compartment served as a salt bridge. The entire cell was contained within a 
hollow jacket through which water held at 25 00° ± 0 01° was circulated. The preparation of the 
various solutions was effected by standard methods described elsewhere. 17 - 81 In a run, the outermost 


Table 1.—Test of nernst law in its concentration form in 3 M sodium perchlorate 


Volume of solution 
in outermost com¬ 
partment (ml) 

AE(mv) 

Run #1 
jr/[Cd + *] (*' 

- Cd + *) 10* 

AE(mv) 

Run #2 
*/[Cd + *] (x' 

- [Cd“D 

400 

0 

10000 

0 

0 

1-0000 

0 

420 

0-6265 

1 0500 

00000 

0 6266 

1 0500 

00000 

440 

1 2232 

1 1000 

0-0000 

1 2267 

1-1003 

0-0003 

460 

1 7950 

1-1501 

0 0001 

1 7959 

1 1502 

0 0002 

480 

2 3415 

1-2002 

0-0001 

2-3426 

1-2003 

0 0002 

500 

2-8648 

1-2501 

0-0001 

2-8769 

12513 

0 0008 

520 

3 3680 

1-3001 

0-0000 

3 3689 

1-3002 

0 0001 

540 

3-8520 

1-3501 

0 0000 

3 8524 

1 3501 

0-0000 


111 G. Biedermann and L. G. Sillen, Ark. Kemi 5, 426 (1953) contains most of the earlier literature 
and a careful study of several systems containing appreciable liquid junction potentials. 

1,1 1. Leden, Z. Phys. Chem. 188, 160 (1941). 

1,1 C. E. Vanderzee and D. E. Rhodes, J Amer. Chem. Soc., 74, 3552 (1953). 

«' C. E. Vanderzee, ibid 34,4806 (1953) 

'*’ C. E. Vanderzee and H. J. Dawson, Jr., ibid 75, 5659 (1954). 

C. E. Vanderzee and W. E. Smtth, ibid 78, 721 (1956). 

'»»J. F. Tate and M. M. Jones, J. Amer. Chem. Soc 83, 3024 (1961). 

'•> J. F*Jatb and M. M. Jones, J. Phys. Chem. 65,1661 (1961). 
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om partment was diluted with successive portions of 20 ml of 3 M sodium perchlorate solution. 
Measurements of the cell potential were made after each addition by means of a Leeds and Northrup 
K -3 potentiometer. The outer compartment was stirred with a magnetic stirrer. The results of two 
such runs are presented in Table 1. 

In the table, AE is die change m potential after the addition of the diluent, x is die concentration 
of the cadmium (II) ion determined from the known initial concentration of cadmium (II). and 
|Cd + ’] is the concentration of cadmium (II) in the diluted solution determined from the Nerast (this 
decreases continuously so the ratio x/[Cd + '] increases continuously). The quantity x' represents the 
concentration of free cadmium (II) as calculated from the initial concentration x and the known 
initial and final volumes. The difference, (x' — [Cd +> ]). 10* represents the error introduced by this 
procedure. The error is m no case greater than 1 per cent in the metal ion concentration and is 
generally much less than this. Obviously, under the present circumstances, the Nerhst law does hold 
hold in terms of concentrations, and holds remarkably well. Although cells such as these must, in 
principle, have liquid junction potentials, these must be very small m the present case. 

Acknowledgement —We wish to thank the National Science Foundation for financial assistance. 
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Concerning acid-base theories 

(Received 12 January 1962) 

The recent appearance of a paper by Meek and Drago ' 11 prompts the following discussion in the 
hope of clarifying what may become a semantic tangle m the description of acid-base phenomena. 
It is felt that both the proponents and antagonists of the solvent system concept have failed to examine 
critically its weak and strong points, respectively. 

The interested reader is referred to the above paper” 1 as well as previous ones by Gutmann, 
et al l!l for a complete discussion of the experimental procedures and theoretical interpretations, but 
the situation may be summed up briefly as follows Iron(lll) chloride is found to behave as an acid 
in phosphoryl solvents (t.e phosphorus oxychloride and triethyl phosphate). In the case of phos¬ 
phorus oxychloride, there is a limited conductivity of the pure solvent suggesting the following 
autoiomzation'. , * 1 

OPC1, 1=1 OPC1.+ + Cl- 

Gutmann described acid-base behaviour m terms of a somewhat specialized solvent system approach: 

OPC1, + FeCl, ^ OPCl, + + FeCl«- 

Thus lron(Ill) chloride is an acid because it produces OPCU + tons (or reduces the Cl - concentration). 

Meek and Draoo found that in triethyl phosphate, tron(III) chloride dissolved yielding some 
tetrachloroferratc(III) ions. Since no chloride can come from the solvent in this case, part of the iron 
must exist in a cationic species (e g dichloroiron(IU) solvate): 

2FeCl, ^ FeCU" + FeCl, + 

By analogy, they argue that the most likely situation obtaining in phosphorus oxychloride is a similar 
one They would attribute the acid character of the lron(lll) chloride solutions (e.g. the ability to 
neutralize R«NC1) to the solvated dichloroiron(III) cation which accepts chloride ions. 

Although the two interpretations seem to differ widely, they are actually quite similar. One point 
which has not been sufficiently stressed in the past is that tn a given solvent undergoing autoionization: 

AB ;iA* + B' 

" D Meek and R S Drago,/. Amer Chem Soc. 83, 4322 (1961) 

’ v Gutmann, J. Phys. Chem. 63, 378 (1959); V. Gutmann and M Baaz, Angew. Chem. 71, 57 
(1959), Z Anorg. Chem. 298, 121 (1959), Mormtsh Chem 90, 271, 729 (1959); M. Baaz, V. 
a Gutmann and L. HObner, ibid. 91, 537 (1960), J. lnorg. Nud. Chem., 18, 276 (1961)'. 

' 1 It is assumed throughout that all charged species will be solvated; for the sake of simplicity the 
solvating molecules have been omitted from the equations. It must be remembered, however, that 
such solvation is undoubtedly important especially tn the case of the cations, OPQ, + and FeCl, + . 
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there is nothing “typical” or “characteristic’ 1 about the acid A+ or base B~ except that they are the 
strongest acid and base which can exist in appreciable concentrations in the solvent AB. A stronger 
add A* + reacts with the solvent (leveling effect): 

A*+ + AB ^ A + + A*B 

as, in converse fashion, does a stronger base, B*~. Thus the solvent system concept merely indicates 
the strongest possible add-base pair and points out that their neutralization reaction will form solvent 
molecules. Attempts to make the system predict more, e.g. “characteristic” acids or bases are 
unreasonable. 

With the above in mind it is readily seen that a further equilibrium can be set up in phosphorus 
oxychloride: 

OPCl 2 + + FeCl, OPC1, + FeCl,+ 

Now the value of k will be determined by the relative strengths of the acids OPCl,+ and FeCl s + . If 
the latter is the stronger, it will accept a chloride ion (base) from the solvent. If it is weaker, it will 
solvolyse to form only a limited amount of the dichlorophosphoiyl cation and will therefore act as a 
typical weak acid. If the solvent is such that chloride ion transfer cannot take place (e.g. triethyl 
phosphate) the iron must be content with a less basic species (the phosphoryl group). 

Tlie difference between the solvent system concept and the Lewis theory is not that they are 
mutually exclusive explanations of acid-base phenomena, but that they are ways of looking at these 
phenomena from different viewpoints. In tne same way that the energetics of reactions may be 
viewed macroscopically (thermodynamics) or microscopically (statistical dynamics), so too can acid- 
base phenomena be interpreted in terms of bonding (Lewis and Usanovich theories) or in terms of 
equilibria and concentrations (solvent system theory), where applicable. The solvent system concept 
does not preempt the Lewis theory. Gutmann for example defines an acid as a substance which 
accepts chloride ions. Obviously this acceptance must occur through some sort of coordination 
The Lewis theory can explain certain phenomena inexplicable by the solvent system approach, but 
then too, the Usanovich theory' 41 is more comprehensive than either, so this aspect cannot be the sole 
criterion of usefulness. 

The “essence” of the acidity of iron(III) chloride lies in its tnpositive ion of rather small radius 
and high charge which is compensated only in part by three coordinated chloride ions and which 
seeks elsewhere for electrons to reduce its positive character. It is thus an acid irrespective of solvent 
chosen and will accept the strongest base available to it. If the basicity of the phosphoryl group is 
sufficient (as it must of necessity be in tnethyl phosphate or if the chloride ion concentration in 
phosphorus oxychloride is too low), then lron(III) chloride is less acidic than if it is capable of abstract¬ 
ing a chloride ion from the solvent (where possible). At present it is impossible to predict the inherent 
relative acidities of the dichlorophosphoiyl and dichloroiron(HI) ions, but this may be accomplished 
when more is learned about the electron distribution within these ions. 

The importance of the work of Meek and Drago lies in the proof of the existence of FeCl,~ in 
non-chlonde solvents. One might have supposed that in a non-ionizing solvent iron(III) chloride 
would exist as a simple solvate It should be pointed out even under these circumstances the lron(lll) 
would still be acting as an add since it would be capable of neutralizing R 4 NC1. It is probable that 
as more solvents are investigated by spectroscopy, more examples of such “disproportionation” of 
solutes will be found. Autoiomzation of solvents may be looked upon as a specialized example of 
this phenomenon. 

J. E. Huheey 

Department of Chemistry and Chemical Engineering 
Worcester Polytechnic Institute 
Worcester, Massachusetts 

<“ M. Usanovich, Zh. Obshch. Khim. 182 (1939). C A. 33, 6688 (1939). 


The liquid range density, observed normal boiling point and 
estimated critical constants of indium 111 

(Received 18 January 1962) 

The density of liquid indium was measured from its melting point, 429-3°K., to its normal boiling 
point, 2286°K., by the immersed sinker method. A mercury-filled glass sinker suspended by a molyb¬ 
denum wire was used at the lower temperatures and a graphite sinker with a thin stem was used at 
411 This work was supported by the National Science Foundation under Grant 15340. 
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the higher temperatures. Volumes of the sinkers were corrected to the operating temperature. Correc¬ 
tions for surface tension effects were made using published data'* 1 extrapolated as necessary. 

Temperature measurements was accomplished by calibrated chromei-alumel thermocouples and 
an optical pyrometer. The liquid indium was maintained in an argon atmosphere at all times. The 
mdium used was 99-97 + % pure with iron as the principal impurity. Several runs were made covering 
overlapping temperature ranges and a total of twenty-four density measurements was obtained. 

Least squares treatment of the experimental data yielded the following equation: 

D g/cm* = 7-315 - 6-798 X 10~* T (°K.). '* 

The probable error is ±0-023 g/cm'. Smoothed density values calculated from the equation are 
about 0-15 per cent lower than the data of Williams and Miller 1 ** over their experimental range 
(429 32-573°K) and the single value (at the melting point) reported by Gamartsfelder. 14 * The data of 
Schneider and Heymer 14 ’ average about 0 2 per cent higher over their experimental range (504-694°K.). 
The slope of our line, —6-798 X 10~ 4 g/cm ! deg, is smaller than that reported by Williams and 
Miller (—813 x 10 -4 g/cm*deg.) and the slope calculated from the data of Schneider and Heymer 
(—8 112 x 10- 4 g/cm*deg.) but the temperature range over which it was determined is much greater. 

The expansion on fusion calculated from our data for liquid density and the splid density data 
of Williams and Miller is 2 59 per cent of the solid volume. Smoothed densities, atomic volumes 
and coefficients of cubical expansion are shown m Table 1. 


Table 1.—Smoothed densities, atomic volumes and coefficients 
of cubical expansion of indium 


(T°K) 

Density 

(g/cm") 

Atomic volume 
cm*/g.at. 

Coef. of cubical expansion, 

(°K-* x 10 ") 

429-3 m p. 

7-023 

16 349 

96-80 

600 

6 907 

16-624 

98-42 

800 

6 771 

16 958 

100 40 

1000 

6-635 

17 305 

102-46 

1200 

6 499 

17 667 

104-60 

1400 

6 363 

18 045 

106 84 

1600 

6-227 

18 439 

109 17 

1800 

6 091 

18 851 

111 61 

2000 

5 955 

19 281 

114-16 

2286 b p. 

5 763 

19 924 

117 96 


The boiling point of indium established by direct observation with a calibrated optical pyrometer 
is 2286 ± 10°K corrected to a pressure of 760 mm Hg. This is in good agreement with the value 
of 2273 ± 10''K reported by Kohlmeyer and Spandau' 4 ’ but is somewhat lower than the value of 
2320 n K preferred by Stull and Sinke ,7 * 

The critical constants of indium, estimated according to a procedure described elsewhere'"* are: 
Tc = 6680 ± 670' K, Pc = 2400: 1 ;™ atm, Vc = 83-or}” cm*./gat, Dc = 1 39 ± 0 23 g/cm*. The 
errors in Pc, Vc and Dc are based on the arbitrary error of 10 per cent assigned to Tc. 


Acknowledgement —We wish to thank the Indium Corporation of America for their generous donation 
of the indium used in this work. 
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Solubilities of metal trichloracetates in polar and nonpolar liquids 

* 1 {Received 23 January 1962) 

During a search for salts soluble in widely differing liquids, it was found that many trichloracetates 
showed the remarkable property of dissolving in both water and heptane. A group of approximate 
solubilities was determined, and comparison was made with the solubilities of corresponding acetates 
Results are presented in Table 1. Solubilities of a few of these or similar (trinuoracetatc) salts 
have been reported 1 *’, but a list covering metals from a representative sample of the periodic table 
and covering a variety of solvents was not previously available from the literature. 


Table 1 —Solubility limits* 





Trichloracetate salt 



Acetate salt 


H t O 

Methanol 

or 

ethanol 
(same results) 

Ether 

or 

CCU 

(same results) 

Benzene 

n-heptane 

n-heptane 

Li 

s 

s 

1 

1 

1 

i 

K 

s 

s 

1 

1 

1 

i 

Cs 

s 

s 

1 

1 

1 

l 

Be 

s 

s 

P 

P 

s 

p 

Ca 

s 

s 

s 

s 

s 

i 

Fe(II) 

s 

s 

s 

s 

s 

l 

Fean) 

s 

s 

s 

s 

s 

l 

Co(II) 

s 

s 

s 

s 

s 

p 

Cu(II) 

s 

s 

s 

s 

s 

s 

Ag 

s 

s 

p 

s 

p 

i 

Zn 

s 

s 

s 

s 

s 

l 

Hgd) 

s 

s 

s 

s 

1 

i 

Hg(II) 

s 

s 

s 

s 

s 

s 

A1 

s 

1 

i 

I 

1 

1 

Pb 

s 

s 

p 

1 

I 

i 

Bi 

s 

s 

p 

p 

p 

l 


* Solubilities are in 100 ml of solvent at 25°C 
Symbols' s indicates that 1 gm of salt dissolves; 

p indicates that 0 1 gm of salt dissolves; 
l indicates that less than 0 1 gm of salt dissolves 

EXPERIMENTAL 

The hydroxide of each metal was weighed, the amount being equivalent to the desired weight of 
salt. The hydroxides were washed twice with water, twice with absolute ethanol, and twice in the 
solvent being studied The hydroxide was then stirred into a hot solution of the solvent and the acid, 
the quantity of the acid being twice the quantity needed to form the desired weight of salt The 
solution was cooled to 25°C and a seed of hydroxide was added. After 30 min the observer noted 
whether all of the hydroxide was dissolved Ferrous and mercurous carbonates were used instead ol 
their hydroxides. 

The 1.1 excess of acid was used because it was found necessary for dissolution in some instances 
In all cases where most of the hydroxide did not dissolve, the suspension was heated long enough for 
the hydroxide to change its appearance. The solvent and acid were then drained off, and pure solvent 
was added and heated -with the converted salt. In none of these cases did the converted salt then 
visibly dissolve in the pure solvent. Also, a few salts were prepared by other means, and the original 
results were confirmed 

Daniel Shanefielo 

Department of Chemistry 
Rutgers University > 

New Brunswick, NJ. 

IU Beiisteins Handbuch der organischen Chemie, 1, 208; I, 92; n, 198. F. Swarts, Bull. Soc. Chun 
Belg. 48, 176 (1939). 
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The solubility of phrtonhnn(Vl) carbonate in lithium add carbonate 

(Received 19 January 1962 ) 

Soluble plutonium compounds, which have small neutron cross-sections and are stable to radiation, 
are of interest as fuel materials in nuclear power reactors of the aqueous homogeneous type' 1 ’, 
plutonium carbonate compounds fulfill these two requirements to a large extent. Preliminary 
investigations showed that plutonium(III), plutonium(IV) and plutonium(VT) carbonates are sparingly 
soluble 111 ; however, a plutonium(VI) carbonate compound is soluble in lithium acid carbonate 
solutions. Since such a system would be acceptable if Uthium-7 were used, a study was undertaken 
to determine the solubility of plutomum(VI) carbonate in various concentration; of lithium acid 
carbonate solutions at 24°C. 

EXPERIMENTAL 

Lithium plutonate was prepared from a plutonium(Vl) sulphate solution by precipitation with solid 
lithium hydroxide. The precipitate was washed several times with dilute lithium hydroxide. It was 
then slurried in water, and carbon dioxide was bubbled through the slurry until the dark brown 
precipitate changed to a light buif plutonium carbonate. Portions of the plutonium carbonate were 
added to lithium acid carbonate solutions of various concentrations and mixed. The solutions were 
equilibrated with occasional agitation for the indicated times at 24 ± 1°C and centrifuged to remove 
the undissolved material. An aliquot of the dark-red supernatant liquid was dried on a stainless 
steel slide and alpha counted to determine the concentration of plutonium in the soluUon. 

The original concentrations of the lithium acid carbonate solutions were determined by titrations 
with standard hydrochloric acid solution. The carbonate solutions were boiled vigorously near 
the end point. 

RESULTS 

The solubilities of plutonium in the various solutions of lithium acid carbonate are given in 
Table 1. In all cases the solubility is less than that found on 0-5 molar sodium carbonate 111 . When 
the solubility reaction is written 

PuO.CO,,,, + xLiHCO,,.,, = Li.Pu0 1 (C0,)(HC0 (1) 


Table 1 —Solubility of Pu(VT) in LiHCO, 


LiHCO, 
(M/1 re) 


Pu(VI) 
(g/1 re) 

0 

Equilibrated 16 hr 

0 043 

0 05 


1 12 

0 10 


3 01 

024 


10 2 

0 25 


114 

0-50 


146 

0-94 


24 2 

005 

Equilibrated 10 days 

I 37 

0 75 


223 


then the equilibrium constant, K, is 

„ rLi r PuO,(CO s )fHCO,)J 

[LiHCO, ]« () 

or written in logarithmic form it takes on the straight line form y = mx 4- b 

log [Li,PuO,(CO,)(HCO,)J = * log [LiHCO,] + log K. (3) 

11 H F. McDuffie, C. H. Secoy, C. J. Hochanadel and J. P. McBride, Reactor Handbook 1 , 
(J| (Materials) Chap. 16, p. 363. Interscience, New York (1960). 

B C Blanke, E. N. Bousquet, R H Steinmeyer, The Solubility of Plutonium Salts in Aqueous 
i3i Solutions up to 300°C. In press. 

B B Cunningham, National Nuclear Series, 14 A, Chap. 10, p. 418-419. McGraw-Hill, New 
York (1949). r V 
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In Fig. 1, log [L^PuO^COtXHCO*)^ is plotted versus log [LiHCOJ, where the concentration is 
used for die activity of each soluble substance. The slope of the line is the x term of equation (3) and 
the intercept is log K. Since the experimental values he close to the line which has been drawn with 
a slope of 1 0, one molecule of lithium acid carbonate appears to be associated with each plutonium 
ion in solution and the equilibrium constant for these corresponding points is 0 13. 



LiHC0 s , mole/I 


Fig 1 —Solubility of Pu vs. concentration of LiHCO s 


As an additional experiment each saturated solution of plutonium(VI) carbonate in lithium acid 
carbonate was sealed in heavy-walied quartz capillary tubes with carbon dioxide at approximately 
1000 lb/in*, pressure and equilibrated at 24°C. In all cases, a light pink precipitate slowly formed 
which quantitatively removed the plutonium from the solution. TOs reaction demonstrated the need - 
for lithium carbonate in the solubility reaction given in equation (1) and not merely the addition 
of CO,. 


L J Wittenberg 

Monsanto Chemical Company, R H Steinmeyer 

Mound Laboratory, 

Miamisburp, Ohio, U.S.A 


Preparation of molybdenum(III) acetylacetonate 

(Received 25 January 1962) 

The synthesis and properties of molybdenum(III) acetylacetonate have not been described in the 
literature though measurements of its paramagnetic resonance have been published. 111 

Molybdenum(III) acetylacetonate, Mo(C,H,0,),, is a benzene-soluble, recrystallizable, red-brown 
solid that is quite different from the canary yellow acetylacetonate reported by Gach is) and later 
H. S. Jarrett, J Chem, Phys. 27, 1298 (1957). 
mF. Gach, Monatsch. Chem. 21,112 (1900). 
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.directly Identified by Morgan and Castell 1 * 1 as MoO,(C t H,0»),. .Since molybdenum(lll) acetyl- 
icetonate oxidizes on exposure to air, it must be prepared, recry* tallized, and stored in the complete 
absenoe of air. 

EXPERIMENTAL 

Diammonium pcntacfaioroaquomolybdate(IIl), (NH 4 )i[MoC 1, H,0], prepared as described 
below, was used as the source of trivalent molybdenum. The desired acetylacetonate precipitated 
when ammonium hydroxide (1-9 normal, 520 ml) was added dropwise over a 6 hr period to a mechani¬ 
cally stirred solution of freshly distilled acetylacetone (125 4 e, 25 % excess) and diammonium penta- 
chloroaquomolybdate(III), (NHJJMoCVHjO], (109-4 g), in deaerated water (11.). The mixture 
was stirred overnight and filtered, and the precipitate was washed with four 500 ml portions of 
deaerated water and dried in vacuo at room temperature. The precipitation, filtration, and washing 
were conducted under nitrogen in a flask fitted with an attached fritted glass filter assembly. The 
product was chlorine-free, weighed 113 8 g (86 7 per cent yield based on Mo), and corresponded to 
Mo(C,H,0,)» in analysis. Calc.: Mo, 24-40; C, 45-81; H, 5 38 per cent. Found: Mo, 24-52; 
C, 45-40, H, 5-41 per cent. It could be further purified by recrystallization from boiling 2:1 cyclo¬ 
hexane, benzene. * 

The diammomum pentachloroaquomolybdate(lll) was prepared by a variation of the method of 
Foerster and Fricke .'* 1 A diaphragm cell (air excluded) was used with a platinum cathode, a 
graphite anode, a catholyte 0-143 molar in ammonium paramolybdate and 10 normal in hydrochloric 
acid, and an anolyte of 12 normal hydrochloric acid Some bnck-red (NH,),[MoCl 6 -H,0] crystallized 
during electrolysis, but the major part was recovered by adding ammonium chloride (8 moles per 
mole of ammonium paramolybdate) and concentrating to half-volume at 180 mm pressure. 

Central Research Department J H Balthis 

Experimental Station 

El du Pont de Nemours <5 Company , 

Wilmington 98, Delaware , USA. 

G T Morgan and R. A S. Castell, J Chem Soc. 3252 (1928) 

“> F Foerster and E Fricke, Z Angew. Chem. 36, 458 (1923) 


The anhydrous hydrochloride salts of dichlorobis 
(ethylenediamine)cobalt (III) chloride 


(Received 2 February 1962) 

A recent publication 111 states that hydrochloride salts of rro/u--dichlorobis(ethylenediamine)cobalt 
(III) chloride probably do not exist in the anhydrous form A phase study of the system [Co (en)j OJ 
Cl,., + HCIi,, has shown that the monohydrochloride does form with both the trans and file cis 
isomers of this compound. 

Examination of the phase diagrams (Fig. 1) shows the existence of the monohydrochlonde at 
° C An attempt was made to obtain a heat of reaction by a study of the system at various tempera¬ 
tures, but was unsuccessful due to extensive solid solution formation. The higher temperature studies 
however do suggest the formation of other lower hydrochlorides of these compounds. 


EXPERIMENTAL 

c,s an< * ,rans isomers of the compound were prepared and dried by standard methods.'” 
he compounds were further dried on the vacuum system by heating to 100°C while under vacuum 
(w ,0 ‘mm of Hg) (Found: trans salt, Cl-37 2%, Co-20 6 %—cis salt; Ci-37-4%, Co-20-4%. 


N F. Curtk, J. Inorg. Nucl. Chem. 19, 208 (1961). 

Inorganic Synthesis Vol. II, p. 222, (ed W C Femelius), McGraw-Hill, New York (1946). 
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Notes 



Moles HCl /mole soil 

Fig. 1 —Pressure-composition phase diagrams for the systems cis and trans 
[Co (en), C!,]C! (1) + HCI, 8 , 

Calc for [Co (cn) 2 C1,]C1 : Cl-37 26 %, Co-20-64 %) The A max in the 6// region were 6 43/i and 6 26// 
for the cis and trans salts respectively (reported'” —6 48// and 6 10/i for the ns and trans salts respec¬ 
tively). 

Acknowledgement-Many helpful suggestions by Dr T B Cameron are gratefully acknowledged 
This work was supported by a National Science Foundation Grant 

Chemistry Department R. E Vallee 

University of Cincinnati D. H McDaniel 

Cincinnati, Ohio, U.S A 

P. Merritt and S E Wiberly, / Phys. Chem. 59, 55 (1955) 


Amphoterism of hydrous thorium oxide and the adsorption of 
fuchsine by the hydrous oxide 

(Received 30 January 1962) 

A number of communications 11-41 describe the precipitation of hydrous thorium oxide and it has been 
observed that its properties are markedly influenced by the conditions of precipitation. The difference 
observed between the adsorption capacities of the hydrous oxide towards inorganic cations am 
anions' 4 -* 1 arises from the amphoteric character of the hydrous oxide, the properties of which may De¬ 
controlled by regulating the amount of alkali employed for precipitation. 

111 R. Prasad and A. K.^>ey, Proc. Nat. Acad. Sci India, 27 A, 350 (1959). 

1,1 R. Prasad and A. K. Dey, J. Indian Chem. Soc 37, 747 (I960). 

R. Prasad and A. K. Dey, Vijnatia Pari. Anu Patrika, 3, 155 (1960) 

R. Prasad and A. K. Dey, Kolloidzschr 174, 155 (1961): 175, 53 (1961). 

1,1 R. Prasad and A. K. Dey, J. Sci Industr Res. 20 B, 230 (1961). 

<•> A. K. Dey and S. Ghosh, Proc. Indian Sci. Congr. IV, Abstracts, Chem. Sec. (1951) 
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In view of the well-known use of hydrous oxides as mordants, the association of dyes with hydrous 
thorium oxide is of interest and the adsorption of Congo Red has already been reported'”. The 
present paper records our observations on the adsorption of the basic dye Fuchsine under different 

conditions. 

EXPERIMENTAL 


Aqueous solutions of thorium chloride (BDH Laboratory reagent), sodium hydroxide (BDH 
AnalaR) and fuchsine (E. Merck) were prepared and standardised. Absorotiometric measurements 
were made witha Umcam S.P. 500 spectrophotometer, using 10 mm'gjass cells, to determine optimum 
conditions, after which further measurements were made with a Klett-Summerson photoelectric 
colonmeter and colour filter no. 54 (transmission 520-600 m/i). It was found that Amax is at 
S40 m/c between pH 2-25 and 8-9. The absorbance of a 0'002% Fuchsine solution was found to be 
2 00 cm -1 at 540 m/< in the pH range 4 20-8'9, and in subsequent colorimetric measurements, 
the pH was adjusted to 6 8 with a sodium acetate-acetic acid buffer. Beer's Law was obeyed over a 
range of dye concentrations between 1 -8 and 3 4 ppm and the colorimetric determinations were carried 
out within this range by suitable dilution 

Four samples of the hydrous oxide (A B, C, D) were precipitated by adding definite volumes of 
a standard solution of sodium hydroxide to 500 ml of 0 25 M thorium chlonde solution at 25°: 


A- 10% deficient sodium hydroxide 
B ■ equivalent sodium hydroxide 
C. 5% excess sodium hydroxide 
D: 10% excess sodium hydroxide 

The samples were freed from thorium (where present), hydroxyl and chlonde ions by washing 
with water, and were then shaken with water in a Microid Flask Shaker for 2 hr to ensure homogeneity 
of the suspension The suspensions were finally diluted to 10 g/1 ThO, Adsorption experiments 
were carried out by adding to 5 ml of the suspension (0 05 g ThO,), varying amounts of the dye 
makingupto 100 ml and equilibrating for 24 hrat55°C The concentration of Fuchsine was estimated 
colorimetrically in the supernatant liquid 


RESULTS 

From the amphoteric nature of hydrous thorium oxide we might expect the adsorption of Fuchsine, 
a basic dye, to follow the order shown below for the different samples. 

D C > B > A. 

The results, however, show the order to be D B A > C, sample C having least adsorptive 
capacity A similar result was found for the acid dye Congo Red and the same hydrous oxide 
This suggests that the conditions for preparation of this correspond to the isoelectric point. 

Acknowledgment —The authors thank the Council of Scientific and Industrial Research, India, for 
hnancial assistance and for the grant of a Senior Research Fellowship to one of them (R P ). 
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LETTER TO THE EDITOR 


The relationship between retention and chemical constitution 

(Received 19 January 1962) 

The lack of a suitable model to explain the behaviour of the recoil atoms resulting from nuclear 
reactions has led to the development of models which take into account the chemical reactions during 
the slowing down of these hot atoms. In the particular case of neutron-irradiated crystalline com¬ 
pounds, Harbottle and Sutin's hot zone model 111 proposes chemical reactions* that have a high 
probability of occurring at the temperature reached in the relatively small hot zone in the crystal. 
Thus a correlation should exist between the retention and the chemical constitution of the target com¬ 
pound, but obviously specific chemical effects should also appear owing to the unusual conditions 
under which these reactions occur m the hot zone, even after cooling. The investigation of the retention 
for a series of salts of oxyanions, for example for the iodates" 1 , permanganates 11 ” or chromates and 
bichromates’* 1 did not reveal such correlations. On the contrary certain anomalies have indicated 
specific chemical effects, such as the apparent reduction by the ammonium ion’*. 4 - 51 or by hydration 
water’*.* 1 

We have studied the radiocobalt retention in different crystalline cobaltic ammines, varying the 
anion or the ligand All the samples were irradiated in the I. F. A. reactor under the same conditions, 
at the hole temperature, m air = 6.10" crrr 1 sec -1 , <j>, = 2.10“ cm - * sec - *; =■ 1.10 7 

rhi->, t = 40 hr) The retention was determined by solvent extraction, ion exchange and precipi¬ 
tation with carriers. The activity measurements were made in some cases by gamma spectrometry 
The retention was considered as the percentage of the activity not extractable as Co ++ The results for 
some of the compounds investigated are shown in Table 1. 


Table 1 —Retention for some cobaltammines 

Chemical formula 

Retention ( %) 

Chemical formula 

Retention (%) 

[Co(NH,),]CI, 

83 4 

[CofNH ,)dP0 4 4H.O 

84-3 

[Co(NH,)JBr, 

89'7 

[CofNH,IJjfPC^HVHjO 

73 7 

[Co(NH|)JJ| 

95 4 

[Co(NH,)J 1 (POtH),-4H,0 

67-3 

[Co(NH,),](NO,)j 

74-4 

[Co(NH,),N0 1 ](NO,), 

88-2 

[Co(NH,) # ]fN0 1 ), 

903 

cis[Co(NH,),(NO,),]NO, 

85-8 

[Co(NH,).](MnO,), 

96 

trans[Co(NH,),(NO,),]NO, 

75-4 

[Co(NH,),l,(CO,),-7H,0 

83-9 

[Co(NH,) 1 (NO,) 1 ] 

760 

[CofNH,),] ,(C,0 4 ) ,-4H 3 0 

21-2 

NH,[Co(NH,),(NO,).] 

72-4 

[Co(NH,),]P0 4 

75-5 

Na,[Co(NO0,] H.O 

401 


As may be seen the halides show some regularity, the retention increasing approximately linearly 
with the ionic radius and the mass of the halogen, this would follow from a mechanical mode 1 , but at 
’he same time it contradicts a chemical model since the retention increases with the electropositivity of 
’ he halogen. The larger retention in nitrite relative to the retention in nitrate is hard to understand 
with either reducing or oxidizing character for the hot zone Permanganate, also a strong oxidizing 
•’gent, is characterized by a very low retention, which can be explained only by the tendency of the 
radiolysis fragments of the anion to reach the stable form MnO,. Perhaps the cobaltammine cationic 

G Harbottle and N. Suttn, J. Phys. Chem. 62, 1344 (1958). 

„ R E Cleary, W. H. Hamill and R. R. Williams, J. Amer. Chem. Soc. 74, 4675 (1952). 

K J McCallum and A. G Maddock, Trans. Faraday Soc. 49, 1150 (1953). 

C Harbottle, J. Chem. Phys. 22, 1083 (1954). 

„ * Getoff and M, Nbhikawa, Nature, Load. 192, 61 (1961). 

T Costea and I. Dema, Nature, Land. 189, 478 (1961). 
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Species, left without the anionic partner, may decompose eventually on dissolution in water. The 
radiation stability criterion may also explain the low retention in oxalate relative to that found m 
carbonate. As to the reducing action of the hydration water, the experimental results found for the 
phosphates and mono-hydrogen phosphates are contradictory. Nor does the ammonium ion in 
NH 4 [Co(NHi)i(NO,) 4 J seem to exhibit reducing action. The retention in the cobaltic nitro-ammine>. 
decreases with the increase in the number of the acid ligands At first sight one might apply a median i- 
cal mode! to the variation of retention but for the fact that chemical isomers show different retentions" 1 
No close relation between retention and chemical constitution may be drawn at the present stage 
of experiments, owing to the unknown behaviour of the chemical entities in the special conditions of 
the damaged zone. However, the radiation and thermal stabilities of the compounds are undoubtedly 
important. 


Laboratory of Radiochemistry , 
Institute of Atomic Physics, 
Bucharest, Roumania 


T. Costea 
I Dema. 
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ERRATA 

S Amdurski, C. Eden' and H. Feilchenfeld: The reaction between trjjcthyl 
alumimum and water, J. Inorg. Nucl. Chem. 23, 133-134 (1961). < 

Page 133, Figure 1. The illustration is incorrect and should be: 



O 0 2 04 0-6 0-B 1-0 1-2 

Froetion of water 
Fig 1 

A. N. Bhat and B. D. Jain • Spectrophotometnc studies of uranium(VI)-3-acetyl-4- 
hydroxycoumarin complex in ethanol, J. Inorg. Nucl. Chem. 23, 136-139 (1961). 

Page 137, following line 23 the structure 



should be inserted. 

Page 137, following line 27 the structures 



should be inserted. 
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CRYSTAL STRUCTURE, THERMAL EXPANSION AND 
MELTING POINT OF AMERICIUM METAL* 

D. B. McWHANf, B. B. Cunningham and J. C. Wallmann 

i ' 

Department of Chemistry and Lawrence Radiation Laboratory, 

University of California, Berkeley, California 

{Received 12 March 1962) 

Abstract —The methods for preparing milligram quantities of pure, well crystallized americium 
metal are discussed in detail. A versatile high and low temperature X-ray powder camera 
for small radioactive samples is presented. 

Americium metal prepared by the reduction of americium tnfluonde with barium vapour 
has been indexed as hexagonal close-packed with a — 3 4681 ±0-0008 A and c = 11-241 ± 
0 003 A at 20°C. The proposed structure type is that of lanthanum metal (P6 3 /mmc with 
metal atoms in 2 (a) 000 ; 00 j and 2 (c) i, i, i, j, -J, it- Americium metal condensed on a 
tantalum wire or quartz fibre from the vapour phase was tound to be face-centred cubic 
(a =- 4 894+0 005 A) with a density similar to the dhcp structure. Evidence for the existence 
of a face-centred cubic form of americium metal above 600 D C, is presented. 

The following physical properties of americium metal have been determined: 

(1) Melting point- 994+7°C. 

(2) Density (X-ray) 13 671 ±0-005 g/cm* (20°C). 

(3) Metallic radius (CN 12): 1 730 A. 

(4) Coefficient of thermal expansion: (20°C) 

=7-5+0 2xl0-*°C-» 
a c = 6-2 ±0-4 x 10 _ «°C _1 

In the metallic state uranium, neptunium and plutonium exhibit unusual crystal 
structures which as yet have received no satisfactory theoretical explanation. 

It is not unreasonable to suppose that the exceptional structures are related in 
some manner to the tendency of these same elements to exhibit multiple valencies 
in their ordinary chemical behaviour. It has been of interest, therefore, to extend 
the study of the properties of the actinide metals to americium, which forms positive 
oxidation states of III, IV, V and VI, like the three preceding elements, but which 
exhibits a notably greater tendency toward univalency in the sense that oxidation to 
the higher states is considerably more difficult, and the intermediate states are less 
stable toward disproportionation 

The existence of a double hexagonal close-packed structure, space group P6}/mmc, 
with americium atoms m • 2(a)000;00^ and 2(c)-$> •£, with a = 3-642±0-005 A 

and c = 11 -76±0-01 A was reported by Graf et alM* several years ago. 

* Taken in part from a thesis submitted by D. B. McWhan to the Graduate Division 
of the University of California in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

t Present address - Department of Inorganic Chemistry, Royal Institute of Technology, 
Stockholm 70, Sweden. 

(1) p Graf, b. B. Cunningham, C. H. Dauben, J. C. Wallmann, D. H. Templeton and 
H. Ruben, J. Amer. Chem. Soc. 78, 2340 (1956). 
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The same structure and lattice constants were found for six separate preparations 
(one made from 243 Am) of americium metal, all of which exhibited typical metallic 
lustre and malleability. In the series of preparations carried out by Graf a technical 
failure occurred m one of the runs leading to an abnormally short reduction time 
A diffraction pattern of the product was obtained, but it was not then calculated 
During the course of the present work this film was measured and the values of the 
a and c parameters were found to be considerably smaller than in Graf’s other 
preparations. 

In the original work the less dense hexagonal form was taken to be the room 
temperature-stable modification of the metal 

More recently, McWhan et a! ,< 2 > published crystallographic data on a double- 
hexagonal close packed phase of americium having lattice parameters a = 3-474-i 
•005 A and c — 11 -25± - 02 A, similar to the metal obtained in Graf’s exceptional 
preparation and suggested that americium, like cerium, may exist in two phases 
having the same structure, but quite different densities 

The present work represents a continuation of the investigation of the structure 
and properties of americium metal, in which much effort was devoted toward 
improving the purity of the preparations 

EXPERIMENTAL 

Reagents 

Water was prepared by redistilling ordinary distilled water in quartz, and was stored in 
quartz or polyethylene containers which had been pre-leached for several days in con¬ 
centrated HC1 and rinsed in redistilled water All aqueous solutions were prepared from 
this specially purified water and these two were stored in pre-leached polyethylene or quartz 
containers, since it was found that pure HC1 solutions stored in Pyrex showed a rapid 
accumulation of Ca, Mg, Al and Fe to the extent of several parts per million This was 
especially noticeable when Pyrex pipettes were used to withdraw samples of pure HC'l 
solutions for spectrographic analysis. Even momentary contact with Pyrex resulted in 
significant contamination of the acid 

Hydrochloric acid solutions were prepared from pure water and gaseous hydrogen 
chloride. 

Hydrofluoric acid solutions were made by vapour equilibration of commercial 48 per 
cent solutions with a small volume of water. 

An americium chloride stock solution in 6 M HCI was obtained by purification of an 
americium nitrate solution* initially containing about two weight per cent each of calcium 
and aluminium, using the ion exchange procedure of Naito (j) The resin was packed m a 
polyethylene column and the eluate collected in polyethylene containers The americium 
stock solution prepared in this way was analysed for cationic impurities by emission spectro- 
graphy, using copper spark excitation The only impurities detected in a typical analysis? 
were as follows (expressed in mole per cent impurities). Ca, 0 075; Mg, 0 25 

* Furnished by the A.E.C Research Materials Pool, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. 

t The limits of spectrographic detection for common impurities, expressed in micro¬ 
grams, are as follows 

0 01 ns Al, Be, Ca, Cr, Eu, Fe, La, Mg. Mn, Mo, Nb, Si, Sr, Ti, Yb, Y, Zr 

0 05 ns Bi, Co, Ge, In, Ni, Sm, V 

01 ns Ce, Nd, Pb, Pt, Sn, U, W, Zn 

0-5 ns Cd, Ir, Sb, Th 

1 ns K, Li, Na, Np, Pu. 

(2) D.‘|t. McWhan, J. C. Wallmann, B. B. Cunningham, L. B Asprey, F. H. Ellengek 
a@d W. H. Zachariasen, J. Inorg. Nucl. Chem 15, 185 (1960). 

K. Naito, Report UCRL-8748 (1959). 
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Americium tnfluoride was prepared by adding enough 24 M hydrofluoric add to an 
aliquot of the ameridum trichloride solution in a polyethylene cone to make the solution 
~ 2 M in hydrofluoric add. The trifluoride predpitate was centrifuged, the supernatant 
removed and the precipitate washed twice with about twenty times its volume of water. 
The washed fluoride was dried for a minimum of fourteen days in a vacuum desiccator over 
phosphorous pentoxide. The fluoride so prepared was obtained in the form of a few “chunks” 
of very compact, hard, and translucent material readily susceptible to mechanical handling 
without loss, and yielding well agglomerated metal on reduction. ,, 

Americium dioxide was made by igniting americium(III) bxalate in air at 600°C for 
about 30 min. The oxalate was precipitated from the americium stock solution by adding 
a slight stoicheiometric excess of 1 M oxalic acid solution made by dissolving reagent grade 
oxalic acid in water. After removal of the supernatant solution the oxalate precipitate was 
dried and then transferred to a platinum container for ignition. 

Barium used to reduce tnfluoride to the metal was of a special grade of purity. Mole 
per cent impurities detected by spectrographic analysis were as follows: Ca, 0-18; Si, 0-06, 
or less. 

Lithium metal, also used as a reductant, contained: Ca, 0-007 atom per cent. 

Impurities detected in the lanthanum metal used to reduce americium dioxide to metal 
were (m atom per cent impurities): Ca, 0 21; Mg, 0 35; Be, 3. 

Meta! preparation 

By reduction of americium trifluoride Well agglomerated metal in good yield could be 
obtained only by reduction in the neighbourhood of 1500°K. The choice of reductant 
metals was restricted, of course, so those having a favourable free energy of reaction at this 
temperature, and additionally to those which could readily be separated from americium by 
reason of their markedly different volatility. 

Lithium, calcium and barium satisfy these requirements, as shown in Table 1, the 
calculated values being based on data tabulated by Glassner.<«> 


Table 1. —Thermodynamics of AmFj reductions 


Reductant 

A Fj (kcal/ 
gramme-atom 
AmF3) 

Vapour-pressure 
of MF X (5) 
(mm) 

T° K, where 
vapour-pressure 
of MF X = 10-s 
atm 


1500°K 

1500°K 


Li 

-30 

400 

1304 

Ca 

-43 

170 

1690 

Ba 

-41 

80 

1870 


T (in °K) 1000 1250 1500 

Vapour-pressure of Am (mm) (6! 3xl0 -6 10 -J 0-05 


Most reductions were made with barium, since this metal was available in very pure 
form, although lithium was used successfully in several preparations. In order to obtain 
good metal, it was essential that the tnfluoride be completely dehydrated prior to reduction. 
Failure to dehydrate, or exposure of the dry fluoride to air for several days resulted in metal 
which was noticeably contaminated with amencium monoxide. 

The reduction apparatus is illustrated in diagrammatic form in Fig. 1. It consisted of 
an all-tantalum double crucible system (lb) suspended inside a cylindrical induction shield 
made of 2 mil tantalum sheet. This assembly was suspended in turn in one arm of a high 
vacuum line and surrounded by an induction coil. 

(4) Estimated from A. Glassner, Report ANL 5750 (1957). 

' ! j R. E. Honig, RCA Review, 195 (1957). 

6 S c. Carnigua and B. B. Cunningham, J. Atner. Chem. Soc. 77, 1502 (1955). 
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A typical redaction was performed according to the following schedule: The tantalum 
assembly was degassed at > 1200°C for 30 min or until the pressure fell to less than 10~« mm 
of Hg. (Besides degassing, this served to volatilize copper deposited during spot welding of 
the tantalum components). The system was allowed to cool to room temperature in an 
atmosphere of argon which had been purified by passage over hot uranium or calcium. The 

(a) 0>) 



PYREX 


TANTALUM WIRE 


INDUCTION COIL 

TANTALUM CRUCIBLE 
SYSTEM 

TANTALUM INDUCTION 
SHIELD 



Fro. 1.—Fluoride reduction apparatus. 


glass joint shown in the lower part of Fig. la which usually showed a noticeable film of 
condensed copper, after the degassing operation, was replaced by a clean joint, and the 
system re-evacuated. An empirical correlation was then established between the current 
reading of the power generator and the temperature of the induction shield, as observed 
with an optical pyrometer through a hole in the shield. 

After cooling, the crucible system was returned to the nitrogen-filled box and the cap 
and wire basket were removed. A piece of americium trifluoride was added to the basket, 
and a freshly-cut piece of reductant metal (sufficient to provide about a ten-fold excess over 
that required for reduction) was dropped into the bottom of the inner crucible. The basket 
was replaced, the crucible capped and crucible-and-shield assembly returned to the vacuum 
line. 

Pumping was continued until the pressure in the line fell to 10 -6 mm or less The 
temperature of the induction shield was raised slowly to ~ 300°C with further pumping 
until the pressure again fell to < 10 -6 mm, 

At this stage the power supply was set to give a temperature of 1300°C and held for 
30 sec. Twenty of these 30 sec were consumed in bringing the system to the desired tem¬ 
perature. The power was then dropped to the 1100°C level and maintained for 3 mm. 
Generally, this resulted m the removal of almost all of the excess reductant metal, without 
serious loss of americium by vapourization. From the data of Table 1 it may be calculated 
that the rates of vapourization of barium and americium, through the 0 5 mm diameter 
effusion hole at 1100°C were 320 and 0 1 /tmole mm -1 , respectively The absolute rate of 
vapourization could not be predicted accurately, in all cases, apparently, because of variable 
interference with the volatilization due to a coating of barium fluoride slag. 

If the metal was intended for X-ray study it was annealed for 4 hr at 760° C and the 
temperature then reduced to room temperature at a rate of 1 -5°C nun -1 . Otherwise, after 
the 3 min heating period it was stmply allowed to cool in vacuum for several hours. 

If the initial reduction temperature of 1300°C was maintained for more than about 
10 sec, the metal tended to spread over all of the tantalum wire basket and even onto the 
walls of the crucuble. 

Ten seconds at 1300°C (followed'by 3 min at 1I00°C) usually resulted in the formation 
of a globule of americium containing only a few embedded tantalum wires, and covered 
witjl a glassy coating of slag. The slag was removed by scraping with a scalpel, forceps or 
tungsten needle in a nitrogen atmosphere, with the aid of a low power binocular microscope 
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Pteoes of metal weighing less than 100 fig were cut from the clean globule and transferred 
to X-ray capillaries which were sealed off in vacuum. (Larger.samples caused excessive 
darkening of the X-ray film because of the 40 KeV y-ray associated with the decay of M1 Am). 

An analysis of a representative sample of metal (sample No. 22) gave the following 
result (mol per cent impurities): Al, 0-45; Ba, 1 -45; Ca, 010; Mg, 016. 

By reduction of americium dioxide. The preparation of metallic samarium by distillation 
trom a mixture of samarium sesquioxide and lanthanum metal has been described by 
Daane et al. 1 ' 1 ' 1 , i' 

Asprey* 8 * prepared americium metal by an adaptation of this technique, using a mixture 
of americium dioxide and lanthanum, and condensing the americium vapour on a quartz 


fibre 

At 1500°K, the calculated free energies of the reactions 

Am ° 2 {») + 8La (D = Amo,) + \ La 2 Oj (i) , 
and i AimOj +La ( u = Am^j +i La20a {j) 

arc -44 and -3 kcal/mole Am, respectively. 

From the vapour-pressure equations for lanthanum* 9 * and americium :<*> 

log§* “ —jr— +1 '06, 

l*Am a 

where R is the rate of effusion of the metal per unit orifice area under Knudsen conditions. 
However, as has been shown by Chupka et al. i>0) , LaO is comparable in volatility to La. 
We estimate that at 1500°K 

4*2 =2-5 


and hence that the total rate of effusion of lanthanum will be larger than that of La by the 
factor 3 •4 (equal to 

PulO 

Pl a 

Therefore, at 1500°K: 




+ D 


total -7,300 , , c . 
log—-= —j -1-1 58. 


The calculated mole percentages of La and oxygen in the americium vapour are 0-05 
and ~ 0 03, respectively. The calculation does not take into account the reduction of the 
vapour pressure of americium owing to its solution in lanthanum and the figures represent 
minimum contamination of the americium vapour. 

The tantalum crucible assembly, consisting of an inner crucible with conical bottom 
in which a mixture of americium dioxide and lanthanum metal was placed, and an outer 
crucible with a 20 mil diameter effusion hole in the cap, was heated in high vacuum by 
electron bombardment 

A 10 mil diameter tantalum wire or quartz fibre was supported one to 2 mm above the 
effusion hole and served as a condensing surface on which to collect metal. The wire was 
held in the jaws of a chuck fastened to the end of a tungsten rod which extended into a 
horizontal side arm Small pieces of iron fastened to the rod and chuck allowed the rod to 
be moved and the jaws of the chuck to be released by manipulation with external magnets. 

Rotation of the vacuum envelope by 90° about a joint perpendicular to the plane of 
the drawing moved the chuck to a vertical position directly above a side arm which had 
been drawn down at the end to capillary dimensions. When the jaws were released the 
amencium-coated wire fell to the bottom of the capillary, which was then sealed off for 
X-ray work. 


171 A. H. Daane, D. Dennison and F. H. Speddinq, J. Amer. Chem. Soc. 75, 2272 (1953). 
(8) L. B. Asprey, Private communication. 

<9) A. H. Daane and F. H. Speddinq, Abstract of paper presented at American Chemical 
Society Meeting, Chicago, Ill., Spet. 1958, Paper No. 58, Division of Physical Chemistry. 
101 W. A. Chupka, M. Q. Ingram and R. F. Porter, J. Chem. Phys. 24, 792 (1956). 
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Hie apparatus used by us to prepare americium from the dioxide and lanthanum is 
shown in Fig. 2. 


Pri sm 


Pyrex vacuum jacket 
$ To vacuum 
Fiber assembly 
Quartz capillary 



40*mil thoriuted_ 

tungsten ribbon 

Tantalum crucible - 
system 

Tantalum crucible 
holder 


80"mil tungsten rods 
Uranium gloss seal 


Tantalum Inner crucible 
Cop with 20~mil hole 
10 'mil tantalum wire 
or quartz fiber 
Tantalum foil guide 

Tantalum foil clamp 
Iron bar 
Tcritclum chuck 


Fio. 2.—Oxide reduction apparatus. 


The method and apparatus were tested with samarium, dysprosium and erbium ses- 
quioxides, and in each case metallic coatings showing the crystal structures and lattice 
parameters reported in the literature were obtained In one case, a sample of metal prepared 
by fluoride reduction was vapourized and collected on tantalum in this apparatus. Yields 
of metal realized by this technique were low, partly because of poor geometry and partly 
because of incomplete reduction; little or no metal was obtained if the dioxide had been 
prepared by calcining much above 600°C. 

A typical preparation was carried out as follows about 20 mg of clean lanthanum metal 
were added to one to five milligrams of americium dioxide in the bottom of the crucible 
The apparatus was assembled and pumped down to a pressure of 10 6 mm of Hg The 
temperature of the inside of the crucible (as read by an optical pyrometer through the 
effusion hole in the cap) was raised to 1200“C, the collecting wire manipulated in place 
over the effusion hole and distillation continued for 30-40 min with occasional rotation and 
fibre released to the capillary The latter was then sealed off for X-ray examination. 

The lanthanum content of a sample of americium made in this way, was ~ 0 4 atom 
per cent. 


X-ray diffraction 

Camera and technique. To facilitate the investigation of the crystal structures of 
americium a special camera was constructed by means of which it was possible to (a) obtain 
diffraction patterns from —125 to + 850°C; (b) obtain two exposures without reloading, 
(c) accommodate capillaries up to two inches in length; (d) interchange collimators of 
different sizes so as to secure the optimum ratio of beam diameter to sample diameter. The 
camera employed vertical suspension of the capillary to prevent the metal pellets from 
rolling out of the beam. Details of the construction are shown in Fig. 3. The film is mounted 
in a removable, full-circular cassette using a Straumams-type film mounting. The camera 
diameter is 90 ram, a dimension chosen mainly to facilitate comparison with the film file in 
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the Laboratory. The collimator consists of a double pinhole and scatter guard system 
similar to those used in the commercial Norelco powder cameras and discussed by Parrish 
and CtSNEY. (u) The chuck holder is interchangeable with an oven for high-temperature 
studies and is easily adapted for taking pictures below room temperature. 



The oven contains a small, low heat capacity furnace consisting of a platinum wire coil 
wrapped on a ceramic form (“Lava A") The oven has a £-in. hole for the capillary and 
a central X-ray gap. The outside of the oven is water-cooled, and, as a radiological safety 
precaution at temperatures above 600°C, the X-ray gap is covered with OT-mil Mylar. 
Power is supplied by a step-down transformer con trolled by a Variac fed from a Sola constant- 
voltage transformer. The temperature of the thermocouple was monitored continuously by 
a Brown Recording Potentiometer The thermocouple and the input current were calibrated 
against the melting points of standard substances sealed in quartz capillary assemblies. 
Diffraction patterns have been obtained at temperatures up to 850°C The temperature 
control and measurement with the original oven was accurate to ±5° up to 600°C. 
A second oven used between 800 and 850°C was calibrated to +15° with an optical pyrometer. 

Modification of the camera to take diffraction patterns below room temperature is 
shown in Fig. 4. Dry nitrogen cooled by passing through liquid nitrogen was blown over 
the capillary. The temperature was controlled by varying the flow of nitrogen and was 
measured with a Chromel-Alumel thermocouple placed directly below the capillary. The 
top of the camera was sealed providing a “dead air” space which reduces icing of the 
capillary and partially insulates the film. Temperatures of —125 ± 10°C have been obtained. 

U) W. Parrish and E Cisney, Phillips Tech. Review, 10, 157 (1948). 
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The camera described above minimizes the danger of breaking the capillary and con¬ 
taminating the camera. Prior to loading, the sample-containing-capillary is checked for 
external alpha contamination in a gloved box. If clean, or after decontamination, it is then 
fixed to the support rod with clay, the camera inserted in the box, and the capillary assembly 
loaded in the chuck. The chuck is placed in a stand and the sample centred. The capillary 



Fig. 4.—Low temperature X-ray diffraction powder camera. 

is then drawn up into the chuck which m turn is placed in the chuck holder. The capillary 
can now be lowered into position without danger of breaking, and the final adjustment made 
with the aid of a microscope. The cassette can be removed to change films without disturbing 
the capillary. The capillary adjustment screws remain exposed, and if desired further 
adjustment may be made with respect to the X-ray beam as seen on the fluorescent screen 
The X-ray source was a standard Norelco unit Type No. 12045, with copper target, operated 
at 35 kV and a current of 20 mA. The sample was situated approximately 6 cm away from 
a high intensity port of this unit. 

For exposures of 3-8 hr Ilford “Industrial G” film was used, and for longer exposures, 
Kodak “AA”. 

Considerable difficulty was encountered in secunng high temperature X-ray data 
because of the volatility and reactive nature of americium. At elevated temperatures, the 
sample reacts with the quartz capillary, and above approximately 600' C vapourizes onto 
the walls. By pre-degassing the capillary at 700 to 800°C and sealing the samples in ■J-J 
atmosphere of argon, these problems were minimized. (The argon was purified by passing 
it through anhydrous magnesium perchlorate and then over calcium metal at 600’C). 
Up to about 600°C only minor reaction of americium with the walls took place, as evidenced 
by four to eight X-ray diffraction lines of the fee americium monoxide phase which usually 
appeared at about 400°C. 

An attempt was made to obtain X-ray diffraction patterns at 850°C, but even under 
one atmosphere of argon, the americium vapourized onto the capillary walls before a usable 
diffraction pattern could be obtained. To reduce the exposure time a shorter film radiuswas 
then obtained by wrapping the film directly around the oven A film holder was made of 
black paper with nickel foil between the film and the oven to minimize heat transfer to the 
film. The camera diameter was thus reduced to approximately 38 mm, and diffraction 
patterns could be obtained in 30-40 nun. Although the surface of the film was not accurately 
cylindrical, tantalum coiftd be used as' an internal standard, for correction. 

Calculation of lattice parameters. Line positions on each film were measured three 
times and averaged to minimize random errors. Diffraction angles were then calculated 
from these measurements. 
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As is well known, differences between the observed angles and the true Bragg angles 
may arise because of film shrinkage, divergence and absorption of the X-ray beam and 
non-central location of the specimen with respect to the film. (The Straumanis method of 
film mounting eliminates errors due to film shrinkage only if there is no eccentricity in the 
location of the sample relative to the axis of the cylindrical surface of the film.) The error, 
&0, in the true angle 9, from all sources can be related to the plane spacings in the hexagonal 
system, as follows 

A(hi+hk+ki) + Cn — sin* 9 +A6 sin 29 +,..., ' (1) 

4»-c™» + ,^ + e£“\ » 

The error approaches zero as 6 approaches 90°. Cohen* 12 ' suggested that in order to 
obtain the most accurate values for lattice parameters from X-ray data a least-squares fit 
be obtained for an equation such as (1) and the resulting function extrapolated to infinity. 

This problem has been programmed for the IBM 704 computer by Mueller and 
Heaton* 131 at the Argonne National Laboratory, using Fortran. A Fortran deck, 
kindly supplied by Dr. Mueller, was modified and compiled for the Berkeley IBM 709. 

All lattice parameters determined in the present work were calculated in this way. 
The same set of diffraction data was first treated, according to various extrapolation functions, 
weighting factors and ranges of 8 (i.e., all angles or just those > 50°) in order to determine 
the effect of these variables on the calculated values of the lattice parameters 



All tantalum components 

Fro. 5 —Melting point apparatus. 

Regardless of the extrapolation function, weighting factor or angle range the lattice 
parameters calculated from the same set of data were consistent to +0-001 A. 

As a final check, the lattice parameter was calculated from the diffraction pattern of a 
sample of pure gold at 20°C, and found to be a = 4 0779 A. Wyckoff’s* 141 value of 

' l21 M. U. Cohen, Rev. Sci. Instrum. 6, 68 (1935). 

n) M. H. Mueller and L. Heaton, Report ANL 6176 (1961); M. H. Mueller, L. Heaton 
( and K. T. Miller, Acta Cryst. 13, 828 (1960). 

14 R. W. G. Wyckoff, Crystal Structures. Interscience, New York (1948). 
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4-07864 A at 25 tf , corrects* 15 ) to 4-0783 A at 20°. The difference is well within our estimated 
accuracy of measurement of ±0 02 per cent. 

Determination of the melting point 

Several attempts to determine the melting point of americium have been reported 
previously,' 14 ) but in no case do the authors claim a reliable result. In the present work the 
preparation of pieces of metal containing embedded tantalum wires seemed to offer a 
convenient method of determining the melting pomt. This was done by suspending the 
sample from one wire, hanging a light weight on a separate wire and slowly raising the 
temperature of the “americium soldered” joint in vacuum until the “solder” melted, releasing 
the weight. A sketch of the apparatus is presented in Fig. 5. 

The temperature of the inner radiation shield was observed continuously with an 
optical pyrometer, through a hole in the outer shield, and the temperature raised in small 
increments, by induction heating of the outer shield, until the lower vane dropped. 

A temperature calibration was established by using this technique to obtain the melting 
points of samples of gold, cerium and praseodymium, with the results shown in Table 2 
below 

Table 2.— Temperature calibrations for melting point determination 


Sample 

m p 

Observed m p 

Correction (°C) 

Ail 

1063 ±01' 17 ) 

1073 

-10 

Pr 

935 ±5" 8 > 

942 

- 7 

Ce 

797 ±3U8) 

811 

-14 

Average correction -10°C 


RESULTS AND DISCUSSION 


Crystal structure of americium 

All samples of metal prepared by reduction of the tnfluondc could be indexed 
as double hexagonal close-packed. The structure is like that of lanthanum, f^/mmc 
{D* b i,) with metal atoms in: 2(a), 000;00, + and 2(c) ■§, \; f 

Diffraction data are listed in Table 3 for a polycrystalhne sample containing 
1-87 mole per cent cationic impurities (0-45 Al, 1-45 Ba, OT Ca and 016 Mg) 

Several different assignments for the high angle reflexions were tried, and those 
listed gave the best fit 

The proposed structure has the general line extinction that for reflexions 
(/i-±2A:)/3 = n, only those with //4 = m are allowed, and this is m agreement with 
the lines observed The intensities of the reflexions calculated from 

I = F 2 p{ 1 -f-cos 2 20)/sm 2 0 cos 6, 

where F = the structure factor and p — multiplicity, are listed along with the visual 
estimates of the intensities of the powder pattern lines in Table 3. With a few notable 
exceptions such as the 00-4, 11 0, 11-4, 0 008, 11-8 and 11-12 lines the calculated 
intensities are in reasonable agreement with the observed intensities The dis¬ 
crepancies probably are to be attributed to the presence of stacking faults in the 
hexagonal layers, leading to abnormal sharpening of some lines. The phenomenon 
is well known in CdBr 2 and has been carefully studied in cobalt. 

(I5 > Taking a = 14 3 x 10 ^/°C from Handbook of Chemistry and Physics (42nd Ed) 
Chem. Rubber PubL Co , Cleveland, Ohio (1960). 

* 16 * J. J Katz and G. T. Seaboro, the Chemistry of the Actinide Elements , p. 347. Wiley, 
New York (0000). 

< 17) R. L. Weber, Heat and Temperature Measurement, p. 264. Prentice Hall, New York (1950) 
(18 > K. A. Gschneidner, Jr., Rare Earth Alloys. Van Nostrand, New York (1961). 
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Wilson* 1 has shown that for this metal lines with (h-k)/3 — n will be sharp 
and the remaining lines broadened by an amount which is dependent on the average 
number of stacking faults per N hexagonal layers. More recent work on cobalt 
indicates that there are several types of faults that can occur and that the hep phase 
obtained by cooling through the fee phase contains 25-30 per cent of the parent fee 
phase.* 20) The diffraction patterns of americium metal do not show lines that would 
correspond to the 200 and 331 fee reflexions (the stronger lines which do not super¬ 
impose on the dhep reflexions), indicating that very little of the fee phase remains in 
the dhep phase at room temperature. 

For sample No. 22 (purity given in Section—Metal preparation: By reduction 
of americium trifluonde; diffraction data listed in Table 3) the calculated lattice 
constants at 20°C are 

a = 3-4681 ±0-0007 A 
c = 11-243 ±0-003 A 

and the calculated density is 13-671 ±0-005 g/cm J . Each americium has six nearest 
neighbours at 3-468 A and six at 3-450 A, giving a metallic radius for co-ordination 
number 12 of 1 -730 A. Sample No. 19 (mole per cent impurities 
Al, 0-38; Ba, 0-11 ; Ca, 0-19; and Mg, 0-21) 
a = 3-4680±0-0007 A 
c = 11-240±0-002 A 

also at 20°C 

We take the lattice constants of this phase of americium to be 

a = 3-4681 ±0-0008 A 
c = 11-241 ±0-003 A 

at room temperature The temperature dependence of the lattice constants was 
investigated for these samples in the range from —120 to ) 605°C. 

1 he data were fitted to a polynomial of second order by the method of least 
squares, with the result 

a T = 3-4672±0-0002+(2-60±0-03)x 10 _5 7'+(0-54±0-02)X 10~ 8 T 2 
c r = 11 -237±0 001±(6-95±0-40)10~ 5 7'+(6-8±0-5)10 _8 7' 2 . 

At 20°C 

a, = (7-5±0-2)I0-6"C ~i 
a c = (6-2±0-4)10-6"C -> 

Up to 605°C there was no definite indication of any change in the structure. 
Diffraction patterns were obtained at 700°C and 850°C by wrapping the film 
(protected by a nickel foil) directly around the oven, as described earlier. Of twelve 
lines which could not be attributed to either tantalum or americium monoxide, seven 
could be indexed as belonging to a fee americium metal phase with a lattice constant 
about that to be expected from the thermal expansion of this phase (see below). 
On cooling to room temperature, these lines either disappeared entirely or diminished 
greatly in intensity. These observations imply that there is a transition to a fee phase 
between 600 and 700°C, but the evidence is marginal. 

Metal prepared by vapour condensation on tantalum or quartz crystallized in 
a fee phase, with a lattice constant a = 4-894±0-005 A at 22°C. A limited study 

ll9) A. J. c. Wilson, X-ray Optics. Methuen, London (1949). 

1201 C R. Honsha, B. L. Averback and M. Cohen, Acta Met. 8, 81 (1960). 
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of the thermal expansion of the fee phase (22°-360°C) gave a mean coefficient of 
thermal expansion of (9±3) 10 -6 °C -1 . 

Two separate determinations of the melting point of americium gave values of 
995 and 993°C. We take the melting point to be 994°C, with an uncertainty of ±7° 

On the basis of the present work americium would appear to be a much more 
“normal” metal than its immediate predecessors in the periodic system. The structure 
departs only moderately from ideal close packing, and no anomalous behaviour m 
thermal expansion was found m the temperature range investigated. The melting 
point is close to that of the early members of the rare earth series (La 920, Ce 797, 
Pr 935, Nd 1024, Sm 1072°C). 

The existence of two similar structures of widely differing density, seen m 
americium, is an unusual feature in the crystallography of metals although the 
phenomenon is encountered in metallic cerium.< 18 > 

A disappointing aspect of the present work has been the failure, in over forty 
preparations, to obtain additional samples of the low density americium observed 
earlier. The retention of this phase may be quite sensitive to impurities which are 
difficult to detect at low levels in the small samples of metal which we have prepared 
On the other hand, samples with cationic impurities varying from 0-2 to 12 0 mole 
per cent have shown the phase of higher density. 

The development by Markowitz< 21> of a sensitive method of activation analysis 
for oxygen may solve this problem. 

We note, finally, that the value of the radius calculated for americium m the more 
dense form has been interpreted by Zachariasen( 22 > as indicating that in these 
structures americium exhibits a metallic valence of four. Magnetic susceptibility 
data, to be presented in a subsequent paper, do not appear to support this valence 
assignment. 

Table 3.—Americium metal—dhcp (20°C)—sample 22 
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10-5 

01835 

01836 

16 

vw 

110 

0-1976 

0-1973 

37 

m 

10-6 

0-2352 

0-2352 

33 

s 

20 0 

0-2635 

0-2593 

1 

w* 

201 

0-2682 

— 

9 

— 

11-4 

0-2729 

0-2730 

45 

s 

20-2 

0-2823 

0-2821 

24 

m 

10-7 

0-2964 

0-2957 

7 

V 

00 8 

0-3011 

0-3006 

6 

m 

20-3 

0-3058 

— 

7 

— 


* Line) that superimpose on AmO lines (fee a = 5 05 A) 

< 21) S. Markowitz and J. Mahony, Report UCRL-9908 (1961). 

W. H. Zachariasen, The Metal Plutonium (Edited by A. S. Cojtinberry and W. N. 
Miner), Chap. 10. Chicago University Press, Chicago (1961). 
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Table 3 ( continued ). 


hk.l 

Sin^aje 

sin^ob* 

I (calc) I (obs) 

204 

0-3387 

— 

2 

— 

10-8 

0-3669 

— 

2 

— 

20-5 

0-3811 

0-3792 

5 

vw 

20-6 

04328 

04330 

12 

w 

10-9 

0-4469 

0 4469 

i 4 

m 

21 0 

0-4611 

— 

1 


211 

0-4658 

04700 

7 

vw* 

21 2 

04799 

0-4805 

21 

w 

20-7 

04940 

— 

3 

— 

11-8 

0-4987 

04983 

18 

s 

21-3 

0-5034 

— 

7 

— 

1010 

0-5363 

— 

10 

— 



0-5361 


w 

214 

0-5364 

— 

— 

— 

20-8 

0-5645 

0-5651 

1 

vw 

21-5 

0-5787 

0 5787 

6 

t 

300 

0-5028 

0-5934 

8 

vw 

21-6 

0-6304 

0-6321 

18 

m 

1011 

0-6350 

— 

3 

— 

20-9 

0-6445 

0 6454 

3 

t 

30 4 

0 6681 

0 6676 

16 

m 

0012 

0-6774 

0-6763 

3 

vw 

21-7 

0 6916 

0 6901 

6 

t 

20 10 

0-7339 

0-7338 

9 

vw 

10 12 

0-7432 

— 

1 

— 

21 8 

0-7621 

— 

2 

— 

22 0 

0-7904 

0-7898 

9 

vw 

20 11 

0-8327 

0 8335 

4 

t* 

21 9 

0-8421 

0-8420 

8 

vw* 

31 Oai 

0 8549 

0 8553 

07 t 

31 0a 2 

0-8591 ' 

— 

0-3 — 

1013a, 

0-8594 

> 08598 

3 

w 

31-lot, 

0-8596 


5 


10-13a 2 

0-8637] 


1 


31 -la 2 

0-8639 

► 0 8644 

3 

s 

22-4a, 

0-8643J 


15 


22-4a 2 

0-8686 

0 8684 

8 

t 

11 -12a, 

0-87351 


,5 1 



1 

[ 0-8730 

1 

>■ m 

31-2a, 

0-8737J 


17 J 


11 12a 2 

0-8779“) 


8| 




V 0-8779 


y * 

31-2a 2 

0-8780J 

I 

9j 

1 

30-8a, 

0-8924 

0-8925 

17 

m 

30 8a 2 

0 8968" 

1 

9' 

i 



y 0-8971 

7_ 

1 w 

31-3a, 

0 8972J 

1 



31-3a 2 

0-9016 

0-9017 

3 

t 

2110 a, 

0-93001 

1 

25' 

\ 



i 0-9296 


r m 

31 -4a, 

0-9300J 

f 

3„ 

1 


* Lines that superimpose on AmO lines (fee a =5-05 A) 
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hk.l 

sin^aiu 

sin*0 obs 

s (calc) 

s(obs) 

21 10ctj 

0-93461 

0-9348 

"I 

vw 

31-4a 2 

0-9347J 


1 J 


2012«i 

0-9393 

0-9405 

1 

t 

20-12*2 

0-9440 

0 9448 

1 

t 

31-5a, 

0-9723 

0-9720 

13 

vw 

31-5*2 

0-9771 

— 

8 

— 

10-14ai 

0-9862 

0-9852 

29 

vw 

10-14*2 

0 9911 

— 

18 

— 
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the crystal structure of potassium chloride 

TRICHLOROSTANNITE HYDRATE, KC1, KSnCh, H 2 0 
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Abstract-—It has been shown by methods of X-ray crystal structure analysis that the salt 
formulated previously as K 2 SnCL, H 2 0 is actually a hydrated double salt of potassium 
chloride and potassium trichlorostannite, KC1, KSnClj, HjO The tnchlorostannite ion is 
pyramidal with two Sn-Cl bonds of length 2-54 A and one of 2 63 A. The corresponding 
bond angles are 87-7° and 90-8° The potassium ion is seven—co-ordinated with two isolated 
chlorine ions at 3 15 A and 3 24 A, four chlorine atoms from two chlorostanmte ions at an 
average distance of 3 25 A and one water molecule at 2-81 A 

Wr have shown recently <*> by X-ray structure analysis that stannous chloride dihydrate 
SnCI 2 , 2H 2 0 is actually a dichloroaquotin (II) hydrate Sn(OH 2 ) Cl 2 , H 2 0 with a 
pyramidal aquo-complex Sn(OH 2 ) CI 2 . Herewith proof is given that the unshared 
electron pair at the tin atom is stereochemically active according to Sidgwick and 
Powell’s rule (2 ' 3 > which requires a tetrahedral arrangement of three bonding and 
one non-bonding pair of electrons. 

Following our belief that this rule should be valid for all analogous stannous 
compounds, we decided to redetermine the crystal structure of the salt known as 
potassium tetrachlorostannite hydrate K 2 SnCl 4 , H 2 0, since in a previous description 
of its structure* 4 * the presence of an unshared electron pair at the tin atom was not 
invoked The chlorostanmte ion was described as an infinite chain formed by SnCl 6 - 
octahedra sharing two opposite edges. Because the structure was derived from in¬ 
complete data, we expected that a more detailed study would reveal an appropriate 
distortion of the SnCl 6 -octahedron as a consequence of the presence of an unshared 
electron pair on the tin atom. Actually, the result of our work confirmed our 
standpoint in favour of Sidgwick and Powell’s rule, but the structure came out to be 
strikingly different from the structure described previously. The compound quoted 
as K 2 SnCl4,H 2 0 is in reality a hydrated double salt of potassium chloride with 
potassium tnchlorostannite KCl,KSnCl3,H 2 0 containing a symmetrical pyramidal 
SnClj- ion.< 5) 

111 B Kamenar and D. Grdenic, J. Chem. Soc. 3954 (1961). 

I2) N V Sidgwick and H. M. Powell, Proc. Roy. Soc. A 176, 153 (1940). 

R J Gillespie and R S. Nyholm, Quart. Rev. II, 339 (1957) 

141 H Brasseur and A de Rassenfosse, Z. Krist. 101, 389 (1939). 

(5) D Grdenic and B Kamenar, Proc. Chem. Soc. 304 (1961). 
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Crystallographic and X-ray data 

The crystals of potassium tetrachlorostannite hydrate were obtained by cooling a warm 
saturated aqueous solution of equimolar quantities of stannous and potassium chloride. 
Orthorhombic prisms, elongated in the c-axis direction, were always white and opaque m 
accordance with previous observations. Our crystallographic data are in good agreement 
with the data obtained by Brasseur and Rassenfosse. The dimensions of the unit cell, 
which contains four formula units, are as follows: a = 8 24 ± 0 02 A, b = 12-05 ±0 03 a’ 
c *= 9-14 ±0-02 A, and were determined from oscillation and Weissenberg photographs 
The space group Pbnm (D^j, No. 62), as determined by previous authors, has been confirmed, 
since the only systematic absences of the reflections were: Okl for k odd and hoi for h + 1 odd 
Intensity measurements 

The specimens, cylindrically ground along the a- and the c-axis, with diameters of 
0-58 mm and 0-23 mm, respectively, were used for recording hkO and Okl reflections on 
multiple film by means of a “Nonius”-integrating Weissenberg camera. Nickel-filtered CuAf 
radiation was used. The relative intensities of the reflexions were determined from the 
optical densities which were measured in the centre of each spot by means of a micro¬ 
densitometer and corrected by means of the characteristic curve of the film. The number of 
hkO and Okl reflexions observed was 110 and 68 (out of 129 and 75 possible reflexions), 
respectively. The absorption correction (p = 399 33 cm -1 ) was carried out with the help 
of Tables.^' The corrections for polarization and Lorentz factors were made m the usual 
way. The ratio of the smallest absorption factor to the largest one was 1.T5 and 1 ;34 for 
hkO and Okl reflexions, respectively. 

Structure determination 

The Fourier projections of electron density distribution on (001) and (100) were com¬ 
puted starting from the atomic co-ordinates given by previous authors The (001) projection 
was roughly consistent with their description of the structure, while the (100) projection 
was in a complete disagreement. By using a trial and error procedure we found out that the 
tin and potassium atoms had been located incorrectly Four tin atoms should be located m 
the positions (c) of International Tables™ but not in the positions (a), while eight potassium 
ions should be located in general positions (d) but not in special positions (c). The subsequent 
refinement by repeated computation of both projections on the basis of these new atomic 
positions has resulted in a complete solution of the structure The final atomic co-ordinates, 
evaluated from both (001) and (100) projections by using Booth’s method, (8 > arc given in 
Table 1. 

Table 1.—Final atomic co-ordinates 



X 

y 

z 

Sn 

0 000 

-0-012 

i 

K 

0 370 

0-185 

-0-018 

0(1) 

0112 

0-192 

i 

Cl (2) 

0-207 

-0 056 

0-448 

a 0) 

0 099 

0-266 

i 

OH 2 (oxygen) 

0-441 

0-040 

i 


The comparison of observed F a and calculated F c structure amplitudes is given in 
Table 2. For evaluating F c the corresponding atomic scattering factors from Tables w) were 
used by applying an average temperature factor exp( — Bsin 2 ©/A 2 ) with B — 2-3A 2 and 

<6) International Tables for X-ray Crystallography, Vol. 2, p. 295. Kynoch Press, Birming¬ 
ham (1952). 

< 7 > International Tables fpr X-ray Crystallography, Vol. 1, p. 151. Kynoch Press, Birming¬ 
ham (1952). 

(*) A. D. Booth, Fourier Technique in X-ray Organic Structure Analysis, p. 62. University 
Press, Cambridge (15)48). 

<w R. Sagel, TabeUen zur R ntgenstrukturanalyse, p. 106, Springer Verlag, Berlin (1958) 
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g = 2 6 A 2 for the hkO and Okl reflexions, respectively. These values of B, as well as the 
values of the scale factor, were obtained from the slope of the straight line defined by points 
of the plot of lnFJF t against sin 2 0/A 2 . A few near reflexions were corrected for secondary 
extinction by using Pinoch, Taylor and Lipson’s formula. (,0) The reliability indices are 
R(hkO) = (M2 and R(Okl) =011. The accuracy of the atomic co-ordinates is therefore 
of the same order as that attained for the structure of stannous chloride dihydrate. (1) 
Consequently, the values of the interatomic distances and bond angles given in Fig. 7. have 
the standard error of ±0 '03 A. and Irrespectively. ' 


Table 2 —Observed and calculated structure amplitudes 


hkO 

F a 

F c 

hkO 

F 0 

F c 

hkO 

7 — 

F 0 

F c 

200 

107 

120 

130 

216 

206 

360 

87 

-79 

400 

30 

18 

230 

82 

67 

460 

49 

33 

600 

61 

68 

330 

55 

48 

560 

32 

34 

800 

75 

91 

430 

0 

-13 

660 

74 

78 

10.0.0 

74 

68 

530 

99 

109 

760 

23 

23 

020 

95 

106 

630 

38 

41 

860 

68 

78 

040 

220 

220 

730 

79 

85 

960 

31 

-32 

060 

140 

138 

830 

44 

-45 

170 

103 

105 

080 

42 

-43 

930 

60 

62 

270 

87 

89 

0.10.0 

59 

48 

10 3 0 

0 

2 

370 

108 

106 

0120 

41 

23 

140 

182 

176 

470 

30 

-19 

014.0 

0 

-6 

240 

161 

148 

570 

42 

25 

110 

135 

167 

340 

23 

10 

670 

0 

-2 

210 

35 

37 

440 

94 

94 

770 

73 

73 

310 

92 

92 

540 

53 

-56 

870 

0 

-9 

410 

63 

—60 

640 

63 

58 

970 

25 

24 

510 

150 

177 

740 

29 

-24 

180 

0 

0 

610 

0 

2 

840 

52 

51 

280 

122 

123 

710 

38 

33 

940 

0 

9 

380 

39 

-34 

810 

28 

25 

10 4 0 

42 

46 

480 

102 

102 

910 

68 

68 

150 

86 

77 

580 

0 

-1 

10.1.0 

10 

17 

250 

20 

-13 

680 

50 

41 

120 

26 

-21 

350 

177 

161 

780 

0 

9 

220 

102 

98 

450 

61 

-47 

880 

32 

17 

320 

102 

-108 

550 

90 

95 

980 

0 

-2 

420 

243 

259 

650 

68 

73 

190 

76 

63 

520 

43 

50 

750 

47 

46 

290 

38 

-31 

620 

97 

107 

850 

20 

-16 

390 

93 

82 

720 

34 

33 

950 

44 

34 

490 

0 

9 

820 

0 

4 

10.5 0 

0 

0 

590 

29 

19 

920 

27 

-33 

160 

0 

6 

690 

20 

22 

10.2.0 

34 

39 

260 

127 

128 

790 

73 

73 

890 

12 

-4 

3.11.0 

82 

78 

1.13.0 

34 

27 

1 10.0 

28 

28 

4.11.0 

5 

20 

2.13.0 

0 

-1 

2 100 

88 

80 

5.11.0 

21 

8 

3.13.0 

30 

22 

3.100 

51 

50 

6.11.0 

21 

-17 

4.13.0 

17 

16 

4.10.0 

0 

2 

7 110 

23 

17 

5.13.0 

36 

26 

5.10.0 

31 

-29 

1.12.0 

68 

-71 

1.14.0 

0 

4 

6.10.0 

55 

40 

2.12.0 

54 

44 

2.14.0 

21 

14 

7.10.0 

38 

-29 

3.120 

32 

-27 

3.14.0 

39 

43 

8 100 

43 

55 

4.12.0 

27 

19 

4.14.0 

44 

43 

1 11.0 

53 

41 

5.12.0 

14 

19 

1.15.0 

38 

32 

2.11.0 

0 

-6 

6.12.0 

26 

22 

2.15.0 

17 

-24 


ll0) P. R Pinoch, C. A. Taylor and H. Lipson, Acta Cryst. 9 , 173 (1956). 
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Table 2 ( continued ). 


Okl 

F„ 

F c 

Okl 

Fc 

F c 

Okl 

F 0 

F c 

002 

120 

-104 

022 

123 

-118 

0.10.4 

57 

57 

004 

323 

338 

042 

151 

-188 

0.12.4 

34 

26 

006 

137 

-138 

062 

65 

-69 

0.14.4 

0 

-5 

008 

108 

106 

082 

157 

-160 

025 

59 

66 

0 .0.10 

82 

-88 

0 .10.2 

64 

-57 

045 

80 

98 

020 

132 

124 

0 .12.2 

39 

-34 

065 

58 

73 

040 

238 

219 

0.12.3 

43 

-50 

087 

32 

-38 

060 

151 

135 

0.14.3 

49 

-49 

0.10.7 

40 

-48 

080 

38 

-41 

024 

43 

44 

0.12.7 

19 

-24 

0 .10.0 

53 

45 

044 

133 

153 

028 

0 

0 

0 .12.0 

34 

22 

064 

106 

119 

048 

67 

73 

0.14.0 

0 

5 

084 

0 

3 

068 

67 

74 

021 

0 

-26 

085 

62 

79 

088 

38 

36 

041 

127 

143 

0.10.5 

14 

10 

0 .10.8 

58 

51 

061 

44 

48 

0.12.5 

19 

26 

029 

21 

22 

081 

84 

96 

0.14.5 

0 

3 

049 

15 

18 

0 .10.1 

40 

39 

026 

112 

-108 

069 

21 

25 

0 .12.1 

30 

39 

046 

116 

-119 

089 

27 

37 

0.14.1 

26 

24 

066 

30 

-29 

0.10.9 

0 

5 

0.14.2 

24 

-25 

086 

56 

-60 

0 .2.10 

49 

-52 

023 

78 

77 

0 .10.6 

22 

-14 

0.4.10 

49 

-57 

043 

50 

-74 

0 .12.6 

19 

-13 

0 .6.10 

15 

-13 

063 

38 

37 

027 

47 

49 

0 .8.10 

15 

-14 

083 

55 

-66 

047 

47 

-58 

0 .2.11 

8 

11 

0.10.3 

61 

-65 

067 

30 

30 

0.4.11 

45 

-51 


DISCUSSION OF THE STRUCTURE 
By juxtaposition of both (001) and (100) projections (Fig. 1) one immediately 
realizes why the (001) projection could be incorrectly interpreted if one lacks the 
additional data. In this projection overlap tin atoms at z — i, j, as well as Cl(2) 
atoms at z — 0-448 and z = ^—0448, by giving double peaks which, together with 
two Cl(l) peaks, form a rhomb, leading thus to an erroneous conclusion that the peaks 
arose by projecting SnCl 6 -octahedra on the (001) plane. Actually, instead of SnCl6- 
octahedra, there are SnClj-pyramids which are lined in rows along [001] by a screw 
axis symmetry operation. Potassium and chlorine ions, as well as water molecules, are 
located in the channels between these SnCl 3 -rows. Each SnCI 3 -ion lies across the 
mirror plane at z — jr, i , so that there are two equal Sn-Cl bonds of length 2-54 A 
and one Sn-Cl bond in the mirror plane of length 2-63 A. Both values are very close 
to 2-59 A, the Sn-Cl bond length in the dichloroaquotin-complex. (I) The bond angles 
Cl-Sn-Cl are 87-7° and 90-8°, which are considerably less than the tetrahedral value 
and which proves a strong lone-pair-bond-pair repulsion. Such a decrease in bond 
angles at tire tin atom was observed previously for stannous chloride, 01 ’ as well as 
for the Sn(OH z ) Clz-complex in hydrated stannous chloride. The other interatomic 

°i> M. W. Lister and L. E, Sutton, Trans, Faraday Soc. 37,406 (1941). 
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and interkjnic distances tally well with the values expected on the basis of known 
atomic and ionic radii. The potassium ion is surrounded by two chlorine ions at 


Fra. 1.—The structure of KC1, KSnClj, H 2 O as deduced from both (100) and 
(001) Fourier projecuons of the electron density distribution. Two pyramidal 
SnClj-ions overlap in the (001) projection giving peaks which, without the data 
of the (100) projection, lead to an erroneous interpretation of the structure in 
term of SnClo-octahedra (see Fig. 3). 

315 and 3-24 A, by four chlorine atoms of two different chlorostannite anions at an 
average distance of 3-25 A, and by one water molecule at 2-81 A, exhibiting thus the 
co-ordination numberjseven. The co-ordination polyhedron is a distorted octahedron 




Fra. 2.—(a) Form and dimensions of chlorostannite ion SnClJ as established 
by crystal structure analysis of KC1, KSnClj, HjO. 
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with one additional corner (oxygen atom) above the centre of a face. These KC1 c (OH 2 )- 
polyhedTa form a row along the c-axis direction by sharing two opposite C1....CF 
edges. The geometry of the SnCl 3 -ion as well as the co-ordination around the 


Cl (2'") 

I 

a<1\ / 3-25 

X 327 / 3 - 23 ^ 0 ) 

. " '-^324 

ct(3"r / . ^ 

7 2‘81 \ 3.2$ 


/ 

OHj 


\ 

Cl (2) 


Fia. 2—(b) Co-ordination of potassium ion in KC1, KSnCla, H 2 O (with 
distances in A units). The numbering of atoms as in Table 1 (double prime 
denotes screw axis, triple prime glide-plane symmetry relation to the atom 
defined by the co-ordinates in Table 1). 


potassium ion is given diagrammatically in Fig. 2. A view of the structure down a 
direction which forms an angle of about 6° to the e-axis is shown in Fig. 3. 



Q Cl 0 Sn 

0 H,C O K 

Fig. 3.—The structure of KC1, KSnClj, H 2 O viewed at an angle of about 6° to 
the c-axis so as to avoid overlapping of chlorine and potassium atoms. 

In conclusion we want to stress a point of crystallographic interest. Potassium 
chlorostannite, if formulated K^SnCU.HjO as previously, and potassium chloro- 
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mercurate* 12 * K2HgCl4,H20 have analogous formulae. Moreover, they have very 
near unit cell dimensions, belong to the same orthorhombic class, give X-ray photo¬ 
graphs with the similar distribution of the reflexion intensities, but have different space 
groups, viz. Z> 2 * and D^, respectively. The similarities misled the previous authors* 4 * 
to assume the same structural principle, i.e., octahedral co-ordination of the tin. 
Actually, it follows that the difference between the space groups alone is sufficient 
evidence for abandoning the supposed analogy. ' 


on H. C. MacGillavry, J. H. de Wilde and J. M. Buvoet, Z. Krist. 100, 212 (1938). 
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an examination of the infra-red spectra of 

BORATE ANIONS 

P. B. Hart* and S. E. F. Smallwood 11 ( 

The General Electric Company Limited, Central Research Laboratories, 

Hirst Research Centre, Wembley, England 

{Received 26 January 1962) 

Abstract—A range of metal borate compounds has been studied, including a number with 
unknown structures. The orthoborate ion, B(> 3 3 ~ has been identified in a number of com¬ 
pounds and some force constants have been calculated. The pyroborate ion, B 2 OJ 4- has 
been found in further compounds, but no assignment of frequencies has been made. The 
spectra of numbers of metaborates and other compounds have also been obtained, and in 
some cases structural conclusions have been drawn by comparison with known compounds. 
It is concluded that in complex compounds inferences about structures and co-ordination 
must be made with reserve, but that the infra-red spectrum of an inorganic borate is a useful 
means of identification. 

The study of infra-red spectra for the analysis of organic compounds and the 
determination of their structures has been well established for a considerable period 
of time. Similarly, the study of inorganic materials in the gaseous and liquid states 
has a long history. However, work on the spectra of inorganic solids was severely 
limited by the need for single crystals specimens, since no satisfactory way of obtaining 
the spectra of powdered materials was known. Most of the early studies with powdered 
materials employed the mull technique, in which the powdered sample is dispersed in a 
suitable liquid such as paraffin. With this method, however, regions of interest can be 
obscured by the absorption bands of the mulling liquid and, furthermore, consistent 
results are not readily obtained. Nevertheless, general surveys useful for analytical 
purposes have been published by Miller and Wilkins,' 1 * and by Hunt etal a \ In 1952, 
with the introduction of the potassium bromide pressed disk method,O- 4 > it became 
possible to examine a wide range of inorganic solids, and m the last decade materials 
such as ferrite,<5> ferroelectrics,'® 1 crystalline and vitreous silicates and borates' 7 ’ *- 
and series of carbonates and orthoborates' 10 ’ n > 121 have been studied. 

‘Present address: Scientific Laboratories, Philco Corporation, Blue Bell, Pa, U.S.A. 

111 F A Miller and C. H. Wilkins, Analyt. Chem. 24, 1253 (1952). 

(2) J. M. Hunt, M. P. Wisherd and L. C. Bonham, Analyt. Chem. 22, 1478 (1950). 

,3) M. Stimson and M. J. O’Donnel, J. Amer. Chem. Soc. 74, 1805 (1952). 

(4 > U. Schiedt and H. Reinwein, Z. Naturf. 76, 270 (1952). 

(3) R. D. Waldron, Phys. Rev. 99, 1727 (1955). 

(6) J- T. Last, Phys. Rev. 105, 1740 (1957). 

(7) H. Lehmann and H. Dutz, Silicates Industriels 25, 559 (1960). 

(8) J- L. Parson and M. E. MiLBERC, J. Amer. Cer. Soc. 43 , 326 (1960). 

(9! J Krogh-Moe, Ark. Kerri.1 12, 475 (1958). 

uo) C K. Huano and F. F. KERR, Amer. Min. 45, 311 (1960). 

u) B. M. Gatehouse, S. E. Uvinoston and R. S. Nyholm, J. Chem. Soc. 3137 (1958). 

U2) C. E. Weir and E. R. Lippincott, J. Res. Natl. Bur. Stds. 65 A, 173 (1961) 
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The systematic study of the spectra of inorganic anions in a number of different 
structural environments could be both of theoretical and of analytical value. It was 
also expected that an investigation of the infra-red spectra of a range of metal borates 
might resolve certain problems of structure arising from the synthesis of some hitherto 
unknown calcium borates. Examinations of the spectra of a number of anhydrous 
and hydrated metal borates were therefore undertaken and are described in the present 
paper. 

Nomenclature 

Throughout the literature a variety of systems of nomenclature is used to describe 
metal borates. That recommended by the International Union of Chemistry has the 
advantage of clarity, and it will be used to describe the compounds discussed in this 
paper. The molar ratios of the component oxides of a compound are explicitly 
stated, as illustrated by the following examples. 


Formula 

Name 

3Ca0B 2 0 3 

calcium 3:1 borate 

y 2 o 3 b 2 o 3 

yttrium 1 i borate 

K 2 0 5B 2 0 3 -8H 2 0 

potassium 1 - 5 borate octahydrate 


However, this system gives no structural information, and in the examples given above 
it is not immediately clear that the calcium and yttrium compounds both contain the 
B0 3 J ~ ion, or that part of the water in the potassium compound is structurally bound 
as hydroxyl groups. For this reason the subdivision of the following discussion is 
based on the nature of the ion present and not on the oxide ratios in the compound 
In borate ions the important factors are the boron-oxygen ratio, the charge, and the 
hydroxyl groups present. When these factors are known, structural possibilities can 
be obtained from consideration of bond formation and stereochemistry. The three 
main types of ion examined in this paper, BO 3 3- , B 2 0 5 4 and (B0 2 )"~, have the 
names: orthoborate, pyroborate and metaborate. 

EXPERIMENTAL 

Apparatus 

The infra-red spectra shown below were taken on a Hilger H800 recording spectrophoto 
meter using a rocksalt prism covering the spectral range 5000-650 cm -1 (2 0-15 4 u). The 
control settings were standardised for all the compounds investigated, a scan speed of 25 
min being used. The wave number calibration was checked by means of the absorption 
spectrum of a polystyrene film, and it was found that this calibration never varied by more 
than 20 wave numbers (produced by a 10°C change in ambient temperature). 

In all cases, the compounds investigated were examined as a dispersion in potassium 
bromide, using the pressed disk technique. One per cent mixtures were generally employed, 
although tn certain compounds with very intense absorption bands, one half per cent 
mixtures were used (e.g. in the lithium borates). It was found that even the most hygroscopic 
materials examined, namely the sodium and potasium l'.l borates, could be made into 
sample disks which were quite stable for the time needed to obtain the spectra. 

Certain of the compounds were re-examined at liquid oxygen temperature to determine 
whether the absorption peaks became narrower, as is known to occur with very many 
compounds. A special cell fitted with rock-salt end-windows was used to mount and cool 
the sample disks. The spectra obtained at liquid oxygen temperature showed little 
sharpening of the absorption bands when compared with corresponding spectra taken at 
rtfem temperature. It was concluded that for the compounds investigated, there was no 
advantage in obtaining the spectra in this way. 
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Materials 

Details of the preparation or source of the various compounds examined are given below. 

The three new anhydrous calcium borates were prepared by hydrothermal treatment of 
calcium hydroxide-boric add mixtures.The other anhydrous calcium borates/ 14 * and 
those of magnesium/ 15 * strontium/ 16 * barium/ 1 ’* cadmium/ 1 *’ 1SI > zinc/ 20 * and yttrium 121 * 
were prepared from orthoboric acid and the appropriate metal oxide by high temperature 
solid state reactions. The anhydrous i;i borates of sodium and potassium 122 * were prepaired 
by dehydration of the hydrated salts, and these in turn were obtained by evaporation of then- 
solutions. The three lithium borates examined were prepared by the methods described by 



Wavenumber, cm 1 

Fio 1.—Infra-red absorption spectrum of: 

(a) magnesium 3:1 borate 3 MgO-B 2 C >3 

(b) calcium 3:1 borate 3CaO B 2 O 3 

(c) strontium 3;l borate 3 S 1 OB 2 O 3 

(d) barium 3:1 borate 3 Ba 0 -B 203 

(e) cadmium 3:1 borate 3CdO-B2C>3 

(f) yttrium 1:1 borate Y2O3 B2O3 

(13) C. S. Brown and P. B. Hart, /. Inorg. Nucl. Chem. 24 , 1057 (1962). 

(14) E. T. Carlson, J. Res. Natl. Bur. Stds. 9, 825 (1932). 

U5) H. M. Davis and M. A. Knioht, /. Amer. Cer. Soc. 28, 97 (1945). 

<l6> P. B. Hart. In preparation. 

(17) E M. Levin and H. F. McMuRdie, J. Res. Natl. Bur. Stds. 42, 131 (1949). 

(18) E. C. Subbarao and F. A. Hummel, J. Amer. Cer. Soc. 103, 29 (1956). 

1191 p B. Hart and E. G. Steward, J. Inorg. Nucl. Chem. 24, 633 (1962). 

' ,0 * D. E. Harrison and F. A. Hummel, J. Electrochem. Soc. 103, 491 (1956). 

2 ‘* E. M. Levin and R. S. Roth, Unpublished work referred to in Reference 12. 

221 p - H. Kemp, The Chemistry of Borates, Part I. Borax Consolidated, London (1956). 
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Lehmann and Tiess.< 23 > Potassium l;5 borate octahydrate, K 20 - 5 B 2 03 - 8 Hi 0 , was 
crystallized from its aqueous solution.' 22 ) Where possible the identity and purity of the 
compounds were checked by X-ray examination. 

DISCUSSION 

1. Compounds of the type M x {%Os) y -orthoborates 
Six such compounds have been examined; those of magnesium, calcium, strontium, 
barium, cadmium and yttrium. X-ray determinations of the structures of the 
magnesium and the yttrium compounds by Berger' 24 ' and by Levin and Roth< 2 >> 
have shown that the orthoborate anion B0 3 3- , is present in both cases, and it is 
reasonably certain that this anion also occurs in the other orthoborates. Thus an 
infra-red study of this range of compounds would be expected to illustrate the effect 
of different crystal environments on the spectrum of a particular group. 

In isolation, the orthoborate anion has a planar and symmetrical structure, 
arising from the sp* hybridization of the boron bonding orbitals. It thus has the 
symmetry Dfi and three of the four fundamental vibrations would be expected to be 
infra-red active: i) 2 , the out-of-plane bending, u 3 the doubly-degenerate anti- 
symmetrical stretching, and u 4 , the doubly-degenerate planar bending. < 25 > The fourth 
fundamental vibration, i> 1( the symmetrical stretching, would normally be Raman- 
active. When such an anion is placed in a crystal structure the symmetry class may be 
lowered, and degeneracies can be removed and symmetrical vibrations can become 
infra-red active. 

The mfra-red spectra of the six orthoborates studied are shown in Fig. 1 . Those 
of calcium, strontium, magnesium and cadmium are very similar to one another, and 
it has been possible to assign the absorption bands observed to particular vibrations, 
by comparison with the work of WEIRand Lippincott« 2 ) on the spectra of carbonates, 
nitrates and orthoborates. This is done in Table 1, and some force constants for the 


Table I.—Data for the orthoborate anion 


Compound 


Frequency (cm -1 ) 


Force constant 
(dyne cm -1 x 10 3 ) 

Vl 

v 2 

V3 

V4 

K: 

K 8 K A 

12 J2 

3BaO -B 2 0 3 

— 

885 

1215 

775 


1-35 

3Ch0B 2 0 3 

1020 

905 

1240 

710 

9-76 

0 40 I 41 

3Cd0B 2 0 3 

1010 

890 

1190 

690 

9-57 

0-37 1 36 

SMgOBjOj 

1035 

920 

1250 

725 

10-0 

0 44 1-46 

3Sr0-B 2 0 3 

— 

905 

1190 

715 


1-41 


four compounds are calculated from the observed frequencies. In the spectra of 
these four compounds a slight splitting of the u 3 band at about 1250 cm -1 is noticeable 
In the barium compound this becomes much more marked, and two clearly resolved 
peaks arc observed. The spectrum of the yttrium compound, which has the rather 
unusual vaterite type structure, <'2) is quite different from the other five, and agrees 
well with that reported by Weir, and Lippincott, who obtained their spectra by a 

<2J) H. Lehmann and D. Tiess, Chem. Tech. 11, 260 (1959). 

«*> S. V. Berger, Acta Chent. Scand. 3, 660 (1949). 

t**) G. Herzberg, Molecular Spectra and Molecular Structure, (8th Ed.) Vol 2. Van Nostrand, 
New York (1959). 
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rather different method using a diamond pressure cell. It was not possible to assign 
frequencies for this compound with any certainty. 

2. Compounds of the type M x {^Oi) y -pyroborates 

Six of these compounds were examined, those of magnesium, calcium, strontium, 
barium and cadmium, and a polymorph of the calcium compound, prepared by 
hydrothermal means. The spectra are shown in Fig. 2. The structure of the magnesium 



Fig. 2.—Infra-red absorption spectrum of: 

(a) magnesium 2:1 borate 2MgO B 2 O} 

(b) calcium 2:1 borate 2 CaOB 20 j 

(c) strontium 2\ l borate 2 S 1 O B 2 O 3 

(d) barium 2:1 borate 2BaOB 2 Oj 

(e) cadmium 2:1 borate 2 CdO-B 2 C >3 

(f) calcium 2:1 borate (hydrothermal preparauon) 2Ca0 B 20 j 

compound has been studied by X-ray methods and the presence of the pyroborate 
anion, B 2 0 3 4- , has been demonstrated by Takeuchi< 26) . As in the case of the 
orthoborates, an alternative anion structure with the same charge and boron-oxygen 
ratio is unlikely. 

The pyroborate ion, containing seven atoms, could have fifteen fundamental 
frequencies. In an arrangement with the highest degree of symmetry the ion can have 
two two-fold axes of symmetry, which would reduce the number of non-degenerate 
vibrations, but in general a fairly complex spectrum would be likely. The spectra 

,M> Y - Takeuchi, Acta . Cryst . 5, 574 (1952). 
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Fra. 3.—Infra-red absorption spectrum of: 

(a) calcium 1:1 borate Ca 0 B 2 03 

(b) a lithium HI borate a-LijO-BjCb 

(c) strontium HI borate SrO B 2 O 3 

(d) sodium HI borate NazO BzOj 

(e) potassium 111 borate K2OB2O3 

(f) potassium 1:5 borate octahydrate K 2 0 - 5 B 203 - 8 H 20 

(g) P lithium 1.1 borate P-U2OB2O3 

(h) sodium HI borate tetrahydrate Na 2 0 B 203 - 4 H 20 
07*lithium i:l borate hexadecahydrate Li 20 B 2 03 - 16 H 2 0 

(j) magnesium 1:1 borate Mg 0 B 2 03 

(k) calcium 1!1 borate (hydrothermal preparation) C&O BiO} 

(l) zinc HI borate ZnOB 2 C> 3 . 
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obtained experimentally show marked similarities to one another, and in these 
compounds therefore, the same anion can be clearly identified, although no assign¬ 
ment of vibrations has so far been possible. Of special interest is the hydrothermal 
calcium compound, since this was first identified as a pyroborate from its infra-red 
spectrum, when only impure specimens were available. 

3. Compounds of the type M x (B0 2 } y -metaborates ( 

Nine metaborate compounds and three other structurally related compounds 
have been examined and the spectra are shown m Fig. 3. X-ray methods have so far 
identified three types of borate ion with the overall formula (BOj)^ - , and a fourth 
structure exists as a hydrated form. These structures are a chain anion I, made up of 
(_B 02 —)“ units, a ring anion II, made from three of the same units, 



0 " 

1 


/ B \ 

-0 

1 

-0 

-0 

1 

II O 1 

1 1 1 

B B B 

1 

B 

/ \ / \ / \ 

/ \ / 

O 

O 

O 

0 O 


a three dimensional network III, in which all the boron atoms are tetrahedrally co¬ 
ordinated, and a double ring structure B 5 Oio 5 ~, IV, in which the two rings are joined 
by a tetrahedral boron atom. 


HI 


O 


/ V 


,o 


IV o- 

\ o- 

B—O / 

/ \ /O—B\ 

O B- O 

\ / X 0— 

B~0 \ 

/ o- 

o- 


Other structures with larger single and double rings could in theory occur, but none 
have so far been reported. The four known structure types, already established by 
X-ray methods, exhibit characteristic infra-red spectra. Further compounds, not yet 
studied by either method, can thus have structures assigned on the basis of the infra¬ 
red spectra, and this has actually been done for three further borates. 

The chain anion, I is known to occur in calcium< 27 > and lithium< 23 > metaborates 
CaO B 2 O 3 and a-Li 2 0 -B 2 03 , and these and the strontium compound SrO-B 2 C >3 have 
very similar spectra, whose main features are broad bands at 1470 cm -1 and 1125 cm -1 
and a sharp peak at 730 cm -1 . It is evident therefore that the strontium metaborate 
also contains a chain anion. The sodium and potassium compounds have been shown 
by Zachariasen* 28 * and by Fang< 29) to contain the ring anion, II, and their spectra 
are almost identical, and differ from that of the compound K 20 - 5 B 2 03 - 4 H 2 0 , with 


” w - H, Zachariasen and G. E. Ziegler, Z. Krist. 83, 354 (1932). 
w - H Zachariasen, J. Chem. Phys. S , 919 (1937). 
s - M. Fang, Z. Krist. 99, 1 (1938). 
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the double ring.IVt 30 **. The three dimensional structure. III, is found in P-U 2 O'B^0 3 (2i\ 
and the dose similarity of the spectrum of this compound with that of the hydrated 
compounds Na 20 *B 2 CV 4 H 20 ,and Li 2 0 •B 2 O 3 • 16H 2 0, indicates that the structure of 
the three compounds are related. X-ray studies by Lehmann and Tibss* 23 ) suggest that 



Fto. 4.—Infra-red absorption spectrum of: 

(a) zinc 5:2 borate 5ZnO-2B20 3 

(b) supposed cadmium 3:2 borate 3Cd0-2B20 3 

(c) mixture 5 parts 2Cd0 B20j to 1 part 2Cd0-3B20j 

(d) cadmium 2;3 borate 2Cd03B20 3 

(e) calcium 2:3 borate (hydrothermal preparation) 2 CaO- 3 B 2 03 

(f) barium 1:2 borate Ba 0 - 2 B 20 3 

(g) calcium 1.'2 borate C&O JBiOj 

(h) strontium i :2 borate S 1 O- 2 B 2 O 3 

(i) barium 1:4 borate BaCMBiOj. 

* Comparison of our spectra for NazO BzOj with that of Miller and Wilkins makes 
it evident that their material was hydrated. The compound is very hygroscopic and on 
keeping the sample in air, we noted marked changes in the spectrum, which finally became 
very similar to that reported by Miller and Wilkins. 

<«> W. H. Zachariasen, Z. Krist. 98, 266 (1937). 
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the lithium compound contains the anion B(OH)j and it is deduced that the sodium 
compound contains the same tetrahedral ion. One further point of interest is that 
although the spectra of these three compounds are clearly related, and are different 
from the other metaborates, it is not possible to assign a main metal-oxide stretching 
frequency and by this means identify the four co-ordinated boron atoms present, 
This is in contrast with the findings of some other workers* 31 >32,33,34) w ho, even 
when accurate assignments of vibrations were impossible, were able to detect 
differences in co-ordination number by the shift in frequency of such a main stretching 
band. Our experience suggests that in complex structures such deductions cannot 
confidently be made without additional evidence from other sources. 

The magnesium metaborate, and the high pressure form of the calcium compound 
have similar spectra, which differ somewhat from those of the other metaborates, and 
it is not possible to decide which anion structures are present in these compounds. 
The zinc metaborate has yet another different spectrum, and again the structure must 
for the present remain undecided. 

4 Other compounds 

The zin c compound, 5Zn0-2B 2 0 3 is unusal in that no other compound is known 
with this ratio of boron-oxygen. From the formula, the simplest single anion possible 
for this compound is B 4 On 4_ ; alternatively, the B0 3 3 ~ and B 2 05 4 ~ ions may be 
present in the compound in equal numbers. It was hoped that the infra-red spectrum 
would give some information on this point, but the spectrum obtained. Fig. 4(a), 
although relatively simple, did not appear to be compounded from the spectra of the 
BOj 1 ' and B 2 0 5 4 “ 10 ns as observed in separate compounds. This could be explained 
by the differences in crystal symmetries, but the structure remains uncertain. 

A 3Cd0-2B 2 0 3 compound has been reported, <l8) but in attempts to repeat this 
preparation, only mixtures of the 2CdOB 2 0 3 , and 2Cd03B 2 0 3 compounds were 
identified by X-ray powder methods.* 191 This was confirmed by infra-red examination 
of the 3Cd0-2B 2 0 3 composition, which had a spectrum identical with that of a 
mechanical mixture of the 2Cd0B 2 0 3 and 2Cd0-3B 2 0 3 compounds [see Fig. 
4(b) and (c).] 

The spectrum of the 2CdO-3B 2 0 3 compound itself shows marked similarities 
with that of the hydrothermally prepared calcium compound, 2Cd0-3B 2 0 3 , [see Fig. 
4(d) and (e)] and the same anion structures are probable. Other considerations suggest 
that this structure is a three-dimensional network with units of six membered boron- 
oxygen rings,* 13 > but at present no confirmation of this has been made by assignment 
of vibrations, or by X-ray means. The spectra of the compounds Ba0-2B 2 0 3 , 
Ca02B 2 0 3 and Sr0-2B 2 0 3 , have been obtained and also that of the Ba0-4B 2 0 3 
compound, [see Fig. 4(f) to ( 1 )], but no marked similarities have been observed, and 
hence no conclusions about the structures of the anion groups have, so far, been 
reached. 

11 u F. Dachille and R. Roy, J. Amer. Cer. Soc. 42, 78 (1959). 

(321 F. Dachille and R. Roy, Z. Krist. Ill, 462 (1959). 

(J1! F R. Lippincott, A. V. Valkenberg, C. E. Weir and E. N. Bunting, J. Res. Natl. 
Bur . Stds. 61, 61 (1958). 

,,4> R- V. Adams, Phys. Chem. Glasses, 2, 101 (1961). 
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" GENERAL DISCUSSION ADD CONCLUSIONS 

In the borate compounds examined, anion structures range from the extremely 
simple to the complex, and even for a simple anion, the spectrum is markedly in¬ 
fluenced by environment. In the study of organic compounds, it is found that sharper 
and more clearly resolved spectra can be obtained by cooling the specimens to low 
temperatures, and it was hoped that a similar technique would aid the analysis of the 
spectra reported here. However, no such improvement was obtained by cooling to 
liquid oxygen temperatures and it is evident that the stronger lattice forces of these 
inorganic crystals make the spectra relatively insensitive to temperature change 
Although in some cases assignment of frequencies has been possible, in others the 
anion cannot confidently be identified from the spectrum alone, without reference to 
further structural information. As the complexity increases, so does the difficulty of 
frequency assignment, and structural conclusions may only be drawn on the basis of 
the clear similarity of a spectrum with that of a compound of known structure. Even 
inferences regarding major changes in co-ordination may not be drawn without such 
comparison. Throughout the range of complexity, however, single compounds may 
be identified from their previously obtained spectra. 

The specific structural conclusions that have been drawn are as follows:— 

(1) The B0 3 3 ~ ion has been identified in the four compounds: 3CaO B 2 0 3 , 
3Sr0B 2 0 3 ; 3BaO - B 2 C)3; 3Cd0'B 2 0 3 . 

Force constants, given in Table 1, have been calculated for the B0 3 3 ~ in these 
and also in the 3Mg0-B 2 0 3 compound. 

(2) The B 2 0 5 4- ion is present in the compounds: 2Ca0 B 2 0 3 and its hydrothermal 
polymorph; 2Sr0 B 2 0 3 ; 2Ba0 B 2 0 3 ; 2Cd0B 2 0 3 . 

(3) The compound Sr0B 2 0 3 contains a chain anion, (B0 2 )^ . 

(4) The compounds Na 2 0 B 2 0 3 -4H 2 0 and Li 2 0 B 2 0 3 16H 2 0 both contain 
tetrahedrally co-ordinated boron. 

(5) A supposed 3CdO-2B 2 0 3 compound is a mechanical mixture of the compounds 
2Cd0 B 2 0 3 and 2Cd0-3B 2 0 3 . 

(6) The 2Cd03B 2 0 3 and 2Ca0.3B 2 0 3 compounds have the same anion structure 
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Abstract —Hydrothermal treatment of calcium hydroxide-boric acid mixtures at temperatures 
between 200 and 400°C has produced a series of new compounds. These compounds have 
been characterized by X-ray and chemical examination. Four of the compounds are 
hydrated; three more anhydrous compounds are of particular interest since they cannot be 
prepared by normal ceramic methods. One of these compounds has been shown to be a 
high pressure polymorph of the known compound, CaOB 2 C> 3 . In explanation of these 
syntheses, it is suggested that various complex anions are formed in borate solutions at high 
temperatures. Possible structures for some of the compounds are suggested, and the 
petrogenesis of the naturally occurring borates is discussed. 

lNtheCaO-B 2 0 3 system four compounds have been reported* 1 ' 3Ca0-B 2 0 3 ,2Ca0B 2 0 3 
Ca0 B 2 0 3 andCaO'2B 2 O 3 . These compounds may be obtained by ceramic techniques 
and by crystallization from the melt. The CaO-B 2 0 3 compound has been shown* 2 ' to 
contain infinite borate chains with the formula (B0 2 )"“. The structures of the other 
compounds are not known in detail, but it may be inferred that the anions present in 
the compounds 3Ca0 B 2 0 3 and 2Ca0-B 2 0 3 are (B0 3 ) J ~ and (B 2 0 5 ) 4 ~, respectively, 
since these are found in the corresponding magnesium compounds, 3MgO B 2 0 3 * 3 ' 
and 2MgO B 2 0 3 < 4 > 

A large number of compounds are known m the hydrated system, Ca0-B 2 0 3 -H 2 0; 
according to a recent review by Kemp* 5 ' seventeen are well characterized and have 
been prepared in the laboratory, and of these, some also occur in nature. Few 
structures are known, though the series 2Ca0-3B 2 0 3 xH 2 0 is being studied by Christ 
and Clark;* 6 ' in this series the borate anions are complex, being made up from units 
of six-membered boron-oxygen rings. 

Most of the compounds in the hydrated system can be obtained by crystallization 
from aqueous solutions between 0°C and 100°C, and in general, the higher the 
temperature of crystallization the less the degree of hydration. This suggests that new 
compounds might be produced intermediate in the degree of hydration between the 
known hydrates and the anhydrous system, by crystallization from aqueous solutions 
above 100°C. This possibility has been investigated, and the results are now reported. 

* Present address: Scientific Laboratories, Philco Corporation, Blue Bell, Pa., U.SA. 

(1) E. T. Carlson,/. Res. Nat. Bur. Stand. 9, 825, (1932). 

(2) W. H. Zachariasen and G. E. Ziegler, Z. Krist. 83, 354, (1932). 

(3) S. V. Berger, Acta. Chem. Scand. 3, 660 (1949). 

4 | Y - Takeuchi, Acta. Cryst. 5, 574 (1952). 

5 P. H. Kemp, The Chemistry of Borates-Part I, Borax Consolidated, London (1956) 

6 See C. L. Christ and J. R. Clark, Amer. Min. 45, 334 (1960) for a summary and earlier 
references. 
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EXPERIMENTAL 

Reagent grade boric acid and calcium hydroxide were used as starting materials for 
hydrothermal treatment. To confirm that equilibrium was reached in the hydrothermal 
reactions, some calcium borate minerals and four anhydrous calcium borate preparations 
were also used as source materials. The minerals, colemanite ICaO SB^Oj-SHjO, 
meyerhofferite 2Ca0-3B2C>3 , 7H20,and inyoite,2CaO-3B20j I 3 H 2 O were obtained and their 
identity was checked by comparison of X-ray powder diffraction data with the A.S.T.M 
X-ray data file. The anhydrous compounds, 3 Ca 0 B 203 , 2 CaO-B 2 C> 3 , and CaO B 2 0?, 
and a Ca 0 - 2 B 20 j glass were obtained by firing appropriate mixtures of calcium hydroxide 
and boric acid. By reference to X-ray data in the A.S.T.M. file, the identities of the crystalline 
compounds 3Ca0'B20j and 2Ca0 B 2 03 were confirmed: data obtained in other studies in 
these Laboratories satisfactorily established the identity of the CaO B2O3 compound. 

The autoclaves used as containers for the hydrothermal reactions were of the type used 
in earlier studies' 7 ) on the growth of quartz crystals, and had a lens-ring seal. The autoclaves 
were heated on hot plates m demountable furnaces insulated with vermiculite. Temperatures 
were measured and controlled using chromel-alumel thermocouples. There was a temperature 
gradient along the length of the autoclave walls, but previous experience had shown that the 
temperatures inside the autoclaves were close to those measured externally at a point near 
the top of the autoclaves. Pressures were calculated from the degree of filling and the 
estimated temperature, using Kennedy’s P.V.T. data for water. (8) The pressure chosen for 
the experiments was 500 atm, well within the safety limit of the autoclaves. 

Thin walled gold or platinum tubes were used to contain the experimental material 
inside the autoclaves. These tubes were closed by folding over the ends and compressing 
them. Some leaks did occur, but a number of tests with cold-welded tubes showed that, in 
general, such leaks had not altered the results. 

At the end of the experiments, the autoclaves were cooled, opened, and the solid products 
were quickly washed and dried. 

Variation of reaction time and of the nature of the source materials did not alter the 
crystalline materials obtained, and this was taken as good evidence that equilibrium had 
been reached. The design of the autoclaves and furnaces prevented the use of a rapid quench 
technique, but the well crystallised products obtained, and the differences resulting from 
experiments at different temperatures, showed that high temperature equilibria were not 
significantly altered during the cooling period. In some cases, however, substantial amounts 
of material were evidently in solution during the experiments, and precipitation of 
amorphous or poorly crystalline material occurred on cooling, making consistent analytical 
results difficult to obtain. 

X-ray powder photographs were obtained using a Philips 5 76 cm diameter camera, 
with Ni-filtered Cu-radiation. Accurate J-spacings were obtained with a diffractometer unit. 

Calcium and boron were determined as their oxides, by dissolution in excess of standard 
hydrochloric acid, followed by titration with standard, carbonate-free sodium hydroxide, 
using methyl red indicator, and then phenolphthalein in the presence of glycerol. Water 
was estimated from the weight loss on heating. X-ray and optical examination showed that 
in many experiments more than one crystalline species was formed. Samples selected for the 
determination of composition were the purest available, and analytical results for species 
(D), (H) and (F) (see Table 1) were sufficiently consistent to give reliable indication of the 
composition of these phases. Those for (B), (C), (E) and (I) were less so, and the formulae 
given may require adjustment. The infra-red spectra of the compounds' 9 ) confirmed that 
(D), (E) and (H) were anhydrous, and the formula 2CaO B2O3 for (E) was initially suggested 
by comparison with the spectra of other pyroborates. 

The compounds were examined by the technique of differential thermal analysis (D.T.A.), 
by which useful information on dehydration and other thermal transformations can be 
obtained. One gramme samples, platinum crucibles, and a heating rate of 10°C/mm were 

<7) C. S. Brown, R. C. £ell, L. A. Thomas, N. Wooster and W. A. Wooster, Min. Mag 29, 
858 (1952). 

<*) G. C. Kennedy, Amer. J. Sc/. 248, 540 (1950). 

< 9) P. B. Hart and S. E. F. Smallwood. J. Inorg. Nucl. Chem. 24, 1047 (1962). 
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employed. As with the chemical analyses, only compounds believed to be pure were 
examined. 

Iky high-pressure experiments were done in uniaxial pressure apparatus similar to that 
described by MacDonald.* 10 * 


Table 1. 


Phase 

Composition 

Temperature and 
Ca0:B 2 0 3 ratio for 
formation 

t 

Thermal properties 

C 

2Ca0B 2 0 3 H 2 0 

200-300°C and 2:1-312 
Ca0:B 2 0 3 

Exothermic D.T.A. peak 
at 420°C. Dehydrates to 
2Ca0-B 2 0 3 

B 

2CaO -2B 2 0 3 -H 2 0 

200-300°C and 1:1 
CaOlBaOa 

Exothermic peaks at 

480°, 545 °C, endothermic 
at 660°C. Dehydrates to 
normal Ca0 B 2 0 3 

F 

2Ca0-3B 2 0 3 H 2 0 

200-300°C and 1:2 
Ca0:B 2 0 3 

Exothermic peaks at 
640-655°C, endothermic 
at 710°C. Dehydrates to 
give phase H, 2CaO -3B 2 0 3 ; 
melts at 950°C 

E 

2CaO B 2 0 3 

400°C and 2:1-1!1 
Ca 0 !B 203 

Exothermic peaks at 525°, 
715°, 840°C 

D 

Ca0‘B 2 0 3 

400°C and t: 1-2:3 
Ca0B 2 0 3 

Exothermic peak at 

800°C with transition to 
normal Ca0B 2 0 3 

H 

2Ca0-3B 2 0 3 

400°C and 2:3-F2 
Ca0:B 2 O 3 

Melts at 950°C 

I 

3Ca0-9B 2 0 3 H 2 0 

400°C and 1:2-1:3 
CaO!B2(>3 

Exothermic peak at 683°C. 
Dehydrates to give 
CaO-2B 2 Q 3 


Analytical results 

D. Found: CaO, 44-8; B 2 0 3 , 55-4. Calc, for CaO B 2 0 3 : CaO, 44-6; B 2 0 3 , 55-4%. 
H. Found: CaO, 34-7; B 2 0 3> 65 3. Calc, for 2Ca0-3B 2 0 3 : CaO, 34-9; B 2 0 3 , 65-1%. 
F. Found: CaO, 33-4; B 2 0 3 ,62 0; H 2 0, 5 0. Calc, for 2Ca0-3B 2 0 3 H 2 0: CaO, 331, 
B 2 0 3 , 61-6; H 2 0, 5-3%. 


RESULTS’ 

By hydrothermal treatment of boric acid-calcium hydroxide mixtures at tempera¬ 
tures between 200 and 400°C, a number of new calcium borate compounds have been 
obtained. Seven of these compounds have been clearly identified by X-ray and 
chemical examination. When the compounds were first identified by their X-ray 
diffraction patterns, they were labelled alphabetically, A-I. Two of the phases so 
labelled later proved to be mixtures. In a number of experiments, further compounds 

<l0) G. J. F. MacDonald, Amer. Min. 41, 744 (1956). 
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were obtained but never in good yield, so that they could not be adequately identified. 
The details of the synthesis, compositions and D.T.A. of the seven compounds are 
given in Table 1 (for greater clarity, Fig. 1 shows the approximate areas where the 



MOLAR RATIO CuO B 2 0 3 

Fto. 1.—Regions of formation of the calcium borate compounds: 

B. 2CaO 2B 2 0 3 H 2 0; C. 2Ca0B 2 0 3 H 2 0; D. Ca0B 2 0 3 ; E. 2Ca0-B 2 0 3 , 

F. 2Ca0-3B 2 0 3 H 2 0; H. 2Ca0-3B 2 0 3 ; /. 2CaO 9B 2 0 3 H 2 0. 

compounds occur on a temperature-composition diagram). The X-ray powder data 
are recorded in Table 2. Some of the compounds formed well defined crystals; 
compounds (B) and (C) were poorly crystallized and had no readily recognisable 
habit. 

Attempts were made to obtain further products by hydrothermal crystallization 
at 120°C, but reaction rates were very slow, and only poorly crystalline material was 
obtained. These products were not analysed, but their water content was determined 
by heating at 1000°C. Details are in Table 3. 

A series of experiments with uniaxial pressure apparatus showed that compound 
(D) was a high pressure polymorph of the known CaOB 2 C >3 compound. Contrary to 
the experience of MacDonald, the authors found it impossible to achieve homogeneity 
of pressure across the sample, and hence quantitative results could not be obtained, 
but an estimate of the pressure necessary for the conversion was obtained. At ap¬ 
proximately 15,000 atm and 650 °C, almost complete conversion was achieved from 
the known CaO B D 3 compound to (D). The D.T.A. examination of (D) showed that 
inversion at atmospheric pressure did not take place until 800°C was reached, but it is 
felt that a slow reaction could cause this reading to be in error by large amounts. 
Compound (H) was also synthesized in the uniaxial device from the stoichiometric 
mixture of calcium hydroxide and orthoboric acid, at 12,000 atm and 600°C. Attempts 
to synthesize compound (E) from the known calcium pyroborate, 2 Ca 0 *B 20 j, as from 
aldum hydroxide and boric add, were unsuccessful. 
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DISCUSSION 

The range of new calcium borate compounds formed under hydrothermal condi¬ 
tions is noteworthy in several respects. Limiting temperatures for the formation of the 
naturally occuring calcium borates are indicated, some interesting structural problems 
arise, and some light is thrown on the nature of aqueous borate solutions at high 
temperatures. ' 


Table 2.—X-ray diffraction data 


Phase B 

Phase 

C 

Phase D 

Phase 

E 

Phase F* 

Phase 

H 

Phase I 

/•“N 

•< 

'■—S 

Wo 

d{ A) 

///. 

d( A) 

Wo 

d( A) 

Wo 

</(A) 

Wo 

d{ A) 

Wo 

d( A) 

Wo 

4-32 

16 

6-68 

86 

7-14 

37 

6-59 

100 

6-74 


4-417 

49 

8-93 

70 

3-95 

15 

4-22 

8 

6-875 

11 

6-385 

12 

617 


4-014 

22 

8-20 

100 

3 61 

23 

3-347 

12 

4-028 

12 

5-62 

18 

3-775 

30 

3-929 

19 

6-38 

EH 

3 58 

49 

2-97 

100 

3-578 

27 

4 035 

9 

3-710 

39 

3-758 

28 

6-195 

5 

3-57 

44 

2-91 

6 

3-455 

100 

3-829 

12 

3-676 

31 

3-735 

10 

5-51 

5 

3-45 

100 

2-853 

19 

2-735 

5 

3-58 

12 

3-578 

23 

3-54 

100 

5-26 

30 

3 25 

20 

2-755 

33 

2-663 

24 

3-458 

76 

3-478 

100 

3-358 

73 

4-96 

30 

3-14 

44 

2-719 

18 

2-625 

12 

3 288 

9 

3-366 

82 

3-329 

63 

4-77 

wm 

3-12 

36 

2-71 

7 

2-470 

1 

3015 

38 

3-25 

13 

3-256 

12 

4-60 

50 

2-865 

18 

2-495 

10 

2-404 

3 

2-91 

15 

3-09 

66 

3-213 

20 

4-43 

70 

2 826 

28 

2489 

10 

2-386 

3 

2-803 

9 

3 034 

16 

3-16 

9 

4-255 

25 

2-794 

41 

2-377 

3 

2-303 

12 

2-735 

11 

2-862 

16 

3-03 

10 

4-075 

80 

2-713 

48 

2-235 

27 

2 093 

10 

2-665 

15 

2-751 

8 

3-022 

33 

3-915 

30 

2-666 

9 

2-230 

19 

2 002 


2-628 

8 

2-675 

52 

2-954 

31 

3-715 

<5 

2-644 

16 

2-071 

9 

1-973 


2-304 

7 

2-529 

9 

2-877 

7 

3-565 

<5 

2 303 

9 

2 036 

7 

1-964 


2-093 

9 

2-516 

EH 

2-775 

50 

3-455 

20 

2-131 

14 

1-84 

5 

1-922 


2-067 

7 

2-496 

12 

2-721 

23 

3-36 

<5 

2 093 


1 825 

6 

1-866 


1-791 

EH 

2-286 

8 

2-661 

30 

3-31 

95 

2 023 


1-82 

5 

1-791 




2-248 

23 

2-639 

21 

3-19 

10 

1-907 

15 

1-79 

7 

1-728 

6 



2-194 

29 

2-601 

16 

3 04 

60 









2-183 

19 

2 583 

14 

2-95 

80 









2-121 

9 

2-533 

18 

2-89 

20 









2-089 

2 

2-504 

15 

2-835 

10 









2-049 

36 

2-422 

28 

2-77 

20 









2*026 

20 

2-415 

18 

2-718 

15 









2-000 

23 

2-369 

14 

2-658 

40 









1-923 

19 

2-307 

16 

2-595 

25 









1-890 

46 

2-263 

30 

2-554 

15 









1-865 


2-239 

12 

2-477 

15 









1-84 


2-229 

13 

2-443 

25 









1-76 




2-343 

15 









1-716 




2-315 

30 


* Note: Apart from some differences in relative intensities, this set of data agrees well 
with that just published for the compound 2Ca0 -3B20j H20, by Clark et alM 1 * 


Mineral Formation. Of the seven new compounds reported, three are anhydrous 
and four are hydrated. It is notable that the hydrated compounds are intermediate in 
water content between the naturally occurring minerals such as coienjanite, 
2Ca0-3B 2 03'5H 2 0 and meyerhofferite 2CaO-3B 2 C)3 -7H 2 0, and the anhydrous 
compounds of the Ca0-B 2 03 system, and that the degree of hydration decreases as the 

<1U J- R. Clark, C. L. Christ, and D. E. Appleton, Acta Cryst., 15,207 (1962). 
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temperature of formation is raised. These facts, coupled with the production of a 
poorly crystallized material at 120°C, also less hydrated than colemanite, suggest that 
the naturally occurring minerals must have been formed at quite low temperatures, 
probably below 100 °C. 

Table 3.— Experiments at 120°C 


Initial ratio 
CaOlB^Oj 

Water loss at 
lOOO’C (%) 

X-ray 

examination 

2:3 

19-5 

At least two poorly 
crystalline phases 

J and K present 

1:2 

18-8 

At least one poorly 
crystalline phase 

J present 

2:5 

18-1 

At least one poorly 
crystalline phase 

J present 


* Colemanite, 2Ca0-3BaC>3-5H2O, contains 28-0 per 
cent water and phase C, 2CaOB2C>3 H 2 0 has only 8-5 per 
cent water. 


Structures. Two of the new anhydrous compounds, 2Ca0-B 2 0 3 and CaO B^Oj, 
have polymorphs,^ while the third, 2CaO-3B 2 0 3 was hitherto unknown. It is almost 
certain that the 2Ca0B 2 0 3 compound must contain the B 2 0 5 4 ~ pyroborate anion, 
since there is no simple alternative structure in which boron retains either tervalency 
or tetravalency. Magnesium pyroborate 2MgOB 2 0 3 , is known to contain the B 2 0 5 4_ 
ion,< 4) and infra-red studies have shown that the spectrum of the magnesium compound 
is very similar to those of the two 2Ca0-B 2 0 3 polymorphs.< 9 > Hence it is deduced 
that all three contain the same anion, and the two calcium compounds must differ only 
in their arrangements of the same structure units. It is possible that the hydrothermal 
compound is in fact a high pressure polymorph of the known compound. However, 
no satisfactory evidence for this view could be obtained from experiments made with 
the uniaxial pressure apparatus. 

Such experiments did show that the hydrothermal compound, CaO-B 2 0 3 , is indeed 
a high pressure form of the known Ca0B 2 0 3 compound. However, at this composi¬ 
tion the structural possibilities are greater, since a number of different anion structures 
are known. For instance a chain type anion, (B0 2 )J~, occurs in the CaO B 2 Ch 
compound made by solid state methods, a ring anion, (B 3 Og) 3 “ is found in the 
compounds Na 2 OB 2 03 , (12) and K 2 0-B 2 0 3 , (13) and in /1-Li 2 0-B 2 0 3 < 14) a three- 
dimensional structure is found, in which all the boron atoms are 4-co-ordinated It is 
possible that larger ring anions could also be formed, and the presence of the double 
ring structure (BjO^OH)^ 4- in the hydrated compound K 2 0 5 B 2 05 - 4 H 2 0 < 1 5 ) suggests 
a further alternative, an anhydrous double ring, B s Oi 0 5- . Infra-red studies of some 
of these compounds have been made,< 9) but it was not possible to decide whether the 

(12) W. H. Zachariasen, J. Phys. Chem. 5, 919 (1937). 

(is) S. M. Fang, Z Krist. 99, 1 (1938). 

<n> H. Lehmann and D. Tiess, Chem. Tech. 11, 260 (1959). 
us) W. H. Zachariasen, Z. Krist. 98, 266 (1338). 
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pressure-induced transition of the Ca0-B 2 0 3 compounds-involves merely the re¬ 
arrangement of structure units or an alteration of the whole anion structure. 

A variety of structures also seems possible for the 2Ca0-3B 2 03 compound, but 
its ready production by the dehydration of the new compound, 2Ca0-3B 2 0 3 -H 2 0 
indicates that the two structures are closely related. This hydrated compound has,also 
been reported by Clark and Christ/ 16 ' who have made preliminary structure studies, 
and find a relation to the structures of other members of the series 2CaO -3B 2 C>3*.xH 2 0.<® 
The structure unit of this series is a six-membered ring, [B 3 0 3 (0H)5] 2- , present in 
meyerhofferite, where x — 7, in inyoite, where x — 13, and in a synthetic compound 
where x = 11. In colemamte, x = 5, the structure units are joined together into an 
infinite chain, with the formula (0-B 3 0 3 (0H) 3 );|'’ - . In the monohydrate it appears 
that sheets are formed by the further elimination of water between neighbouring chains, 
and it therefore seems probable that the anhydrous compound contains a three- 
dimensional anion structure formed by the linking of the six-membered boron-oxygen 
rings. 

The structures of the other new hydrated borates are as yet unknown, and infra¬ 
red studies do not give any guide to them, except to indicate that the water is 
structurally bound as hydroxyl groups. It is possible that the compound 2Ca0-B 2 0 3 - 
H 2 0 is a relatively simple one, containing the anion (B0 2 -0H) 2_ ; the two others are 
likely to contain complex anions. 

Borate solutions at high temperatures. Even at room temperature, the structure of 
concentrated metal borate solutions is incompletely understood, and in the absence of 
accurate physico-chemical measurements, it is only possible to speculate on the 
detailed nature of hydrothermal borate solutions. However, both aqueous borate 
solutions and molten borate salts are known to be ionic/ 5 - 17> and the hydrothermal 
solutions are likely to be the same. Further, some of the more unusual properties of the 
aqueous solutions and the melts have been correlated with the presence of complex 
ions, and it is probable that the compounds formed under hydrothermal conditions 
are associated with the concentration and stability of such ions. 

Recent examination of hydrolytic equilibria m concentrated aqueous solutions 
has shown that polynuclear anions can occur under certain conditions/ 18 ' The 
presence of the anion [B 30 3 ( 0 H) 5 ] 2- has been demonstrated in borate solutions at 
25°C, as mentioned earlier this is the structural unit of the 2Ca0-3B 2 0 3 .xH 2 0 series of 
compounds. The hydrolytic studies showed that the concentration of polynuclear ions 
is often critically affected by the basicity and total concentration of the solutions, and 
it seems possible that the pronounced effect of temperature and base concentration on 
the formation of the various hydrothermal compounds is related to the presence of 
ions needed for then crystallization. The synthesis of the compounds 2Ca0-3B 2 0 3 - 
H 2 0, and 2Ca0-3B 2 0 3 at high temperatures further suggests that the [BjC^fOH^P - 
or a related structure is very stable; the effect of change in temperature may be 
explained by the thermodynamics of the crystallization process. 

(, ‘ ) J R Clark and C. L. Christ, Abstract given m Acta Cryst. 13, 1018 (1960). 

' 1 ' J - O’M. Bockius, (Editor), Modern Aspects of Electrochemistry , p 249 Butterworths, 

London (1956). 

1181 L. G. SiLiiN, Quart. Rev. 13, 146 (1959). 
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Another unusual property of some borate solutions may be explained on a 
similar basis. It is known that some crystalline borates are formed very slowly from 
solution, an extreme example being the reported crystallization of colemanite from 
calcium hydroxide/boric acid solutions held at 83 °C for two months. <19) Such a slow 
reaction would be explained if the anions in colemanite were present in the solution 
only in very low concentration; suitable adjustment of conditions might lead to the 
relatively rapid formation of the compound. 

A number of factors must influence the stability of complex ions in aqueous 
solution. Thus structures with unusually long or distorted bonds are unlikely to be 
formed. Another important consideration is the equilibrium represented by the 
equation: 

/ OH 

> B—0“+H 2 0 ^ > B~ (1) 

\ OH 

Edwards and Ross< 20 > have concluded that in borate solutions at 25°C, in which 
water has a reasonable activity, this equilibrium lies far to the right. They thus predict 
that metal borates formed from such solutions will have anions containing tetrahedrally 
co-ordinated boron atoms, equal in number to the charges of the cations. Their survey 
of the known borate structures confirms this prediction. The implication of this is 
that anhydrous metal borates will not crystallize from aqueous solutions at room 
temperature unless > B—O - groups are absent from their structure. 

Examining again the possible structures for the hydrothermal compounds, it is 
evident that the 2Ca0B 2 0 3 compound must contain such a > B—O - group, as 
must the Ca0B 2 0 3 compound unless the three dimensional anion structure be 
accepted. The compounds 2CaO-3B 2 0 3 and 2Ca0-3B 2 0 3 -H 2 0 appear to agree with 
Edwards and Ross’s rule, but it is difficult to envisage an anion for the compound 
2Ca0 B 2 0 3 H 2 0 that does. Thus it is probable that the equilibrium represented by 
Equation (1) moves to the left under hydrothermal conditions. A contributory factor 
could be the decreasing density of water at constant pressure as temperature is raised, 
at 400°C and 500 atm it is only 0 788 g/cm 3 . However, experiments have shown that 
in general, pressure, and hence solvent density, is not an important variable in these 
hydrothermal syntheses, at least in the range up to 2000 atm. These considerations 
also indicate that the naturally occurring minerals have been produced at relatively 
low temperatures. If some of them had been formed at 400°C, the > B—O" group 
would be expected to occur. 

CONCLUSIONS 

Three anhydrous compounds, 2Ca0B 2 0 3 , Ca0B 2 0 3 and 2 CaO- 3 B 2 0 3 , and four 
hydrated compounds, 2Ca0-B 2 0 3 -H 2 0, 2Ca0-2B 2 0 3 H 2 0, 2CaO-3B 2 0 3 -H 2 0,and 
3Ca0-9B 2 0 3 H 2 0, have been crystallized from hydrothermal solutions. Two 
compounds, 2Ca0 B 2 0 3 and Ca0-B 2 0 3 have polymorphs, and the latter compound 
and 2Ca0-3B 2 0 3 have also been synthesized by high pressure methods. 

The syntheses suggest that the hydrated calcium borate minerals were not formed 
above 100°C. Structures are proposed for some of the new compounds, and the 
nature of borate solutions at high temperatures are discussed. It is thought that 

<19 > P. H. Kemp, The Chemistry of Borates-Part I, p. 70. Borox Consolidated, London (1956). 
( 20 ) j. o Edwards and V. Ross, J. Inorg. Nucl. Chem. 15, 329 (1960). 
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complex ions are present, and that the hydration equilibria differ from those at room 
temperature. 

Further information on the nature of hydrothermal borate solutions would most 
readily be derived from physico-chemical measurements on the solutions themselves, 
and from more detailed knowledge of the structures of the materials produced in 
such solutions. , 

Acknowledgements —The authors wish to thank members of the Crystal Analysis Group, 
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AMMINES OF IRIDIUM(0)* 

G. W. Watt, E. P. Helvenston and L. E. Sharif 
Department of Chemistry, The University of Texas, Austin 12, Texas 

{Received 17 November 1961) " ( 

Abstract —The reduction of hexammineindium(III) ion with potassium in ammonia at 
33-5° has been shown to provide pentammineiridiumfO); this confirms the existence of 
the amnune previously reported to result from the reduction of bromopentammineiridium(III) 
ion. The reduction of potassium hexabromoiridate(III) and the corresponding chloro 
compound has been shown most probably to result in lower ammines of iridmm(0). Under 
the same conditions, potassium hexacyanoiridate(IIl) is not reduced. An efficient and 
convenient procedure for the recovery of iridium is described. 

It was reported earlier that the reduction of bromopentammineiridium(III) bromide 
with potassium in liquid ammonia provides pentammineiridium(0), (l > which is 
analogous to the ammines of platinum(0) (2) and osmium(0). (3 > Such species are 
unusual in that they represent zerovalent transitional metals in combination with 
(only) sigma bonding ligands. Accordingly, it was considered worthwhile to confirm 
independently the existence of [Ir(NH 3 ) 5 ]°. In the course of this work, evidence for 
the existence of unstable lower ammines of iridium(O) has been obtained. 

We report here also data relating to the reduction of certain other iridium com¬ 
plexes with potassium in ammonia. These experiments were carried out with a view 
to producing the corresponding or related complexes of iridium(II), lridium(I), 
and/or indium(O). 

EXPERIMENTAL 

Materials and methods 

With the exceptions noted below, all materials employed in this work were reagent 
grade chemicals that were used without further purification. All reactions in liquid ammonia 
were carried out under strictly anhydrous oxygen-free conditions using equipment and 
procedures that have been described previously .* 2 ' } - *> 

Hexammineindium{lU ) iodide. This compound was prepared by the following modifica¬ 
tion of the method of Palmaer. <5) Thus, 5-0 g of NajflrCU) x H 2 O (where x = 2) and 
50 ml of 25 per cent aqueous ammonia were placed in a Pyrex glass tube of dimensions such 
that the solution occupied at least 80 per cent of the volume of the sealed tube. The tube 
was heated in an autoclave (containing 25 per cent aqueous ammonia for pressure 
equalization) at 145° for 36-48 hr. After cooling to room temperature, the tube was opened 
and the contents evaporated to dryness. From the white solid residue, [IrfNHb^lCb was 
leached with four successive 5 ml portions of cold water; the combined extracts were heated 
to boiling, treated dropwise with 10 ml of 57% HI, cooled, and filtered. The resultant white 
crystals were dissolved in a minimum of hot water, filtered, treated with 7 ml of 57% HI, 
cooled to room temperature and filtered. The solid product was dried for 1 hr at 110°; the 
yield was 4-0 g or 61 per cent. X-ray diffraction data are given m Table 1. (Found: Ir, 28-5, 
I. 56-1. Calc, for [Ir(NH 3 )«]I 3 : Ir, 28 55; I, 56-35%.) 

* This work was supported in part by the U.S. Atomic Energy Commission, Contract 
AT-(40-l)-1639, and by the Robert A. Welch Foundation. 

(u G W. Watt and P. I. Mayfield, J. Amer. Chem. Soc. 75, 6178 (1953). 

(2> G. W. Watt, M. T. Walung, Jr. and P. I. Mayfield,/. Amer. Chem. Soc. 75,6175 (1953). 
,3) G. W. Watt and E. M. Potrafke. Unpublished work. 

U) G. W. Watt, et al., J. Inorg. Nucl. Chem. 9, 311 (1959); /. Electrochem. Soc. 98,1 (1951); 

102, 46, 454 (1955); /. Amer. Chem. Soc. 76, 4742 (1954). 

,5) W Palmaer, Z. Anorg. Chem. 10, 320 (1895). 
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Potassium hexachloroiridate(lll). In a typical case, 21 -33 g of (NHL)*(IrCl«) was placed 
in 200 ml of water in a 500 ml flask, heated to boiling and reduced to lr(III) by dropwise 
addition of 3-42 g of (NH^CiOi in 100 ml of water over 1 hr. The solution was filtered 
and passed (at a flow-rate of 1 ml/min) through a cation exchange column consisting of 91 g 
of Dowex-50W resin in the hydrogen form and contained in an 18 mm i.d. tube. The 
column was finally washed with distilled water until the washings were neutral. The original 
(H 3 IrCls) solution and washings were treated with 12 g of KC1 and evaporated to incipient 
crystallization at a temperature just short of the boiling point of the solution. When the 
resulting solution was cooled to 0°, dark green plates of K 3 (IrCl 6 ) - H 20 crystallized; this 
was filtered, washed with two 4 ml portions of cold water, and dried at 110° for 2 hr. The 
yield of the anhydrous salt was 24-1 g or 95 per cent. X-ray diffraction data are included 
in Table 1. (Found: Ir, 36 5; Cl/2, 20 0%. Calc, for K 3 IrCl 6 : Ir, 36-8; Cl/2, 20-4%.) 

Potassium hexabromoiridate(lII). Iridium(IIl) chloride 2-hydrate (3-77 g) in 10 ml of 
water was heated just to boiling, treated with 20 ml of 48 % HBr, and evaporated to near 
dryness. Addition of 15 ml portions of 48% HBr followed by evaporation to near dryness 
was repeated six times except that the final evaporation was to a volume of 5 ml. To this 
solution, 5 g of KBr in 20 ml of water was added; this solution was evaporated to 10 ml and 
cooled at 0° for 2 hr. The resulting olive-green crystals were filtered, washed three times 
with 5 ml portions of cold water, dried for 30 min at 110° and finally in vacuo over MgClC >4 
for 24 hr. The yield was 8-65 g or 82 per cent; X-ray diffraction data are listed in Table 1 
(Found; Ir, 25-2; Br, 60-4. Calc, for K 3 IrBr 6 : Ir, 25 04; Br, 60-7%) 

Table 1. —X-ray diffraction data* 


Cr(NH 3 ) 4 I 3 

K 3 IrCl« 

K 3 IrBr 6 

K 3 Ir(CN) 6 

tIr(NH 3 )s]° 

d(A) 

Mo 

d{ A) 

Wo 

d(A) 

Mo 

rf( A) 

Mo 

d( A) 

Mo 

6-39 

0-15 

5-97 

100 

6-04 

1-00 

6 84 

0-50 

6-65 

100 

5-55 

010 

516 

0-40 

5-14 

1-00 

6 51 

0-20 

5-87 

0-20 

3-92 

1-00 

4-92 

0-10 

3 08 

0-10 

5 28 

040 

5-74 

0 80 

2-76 

0-30 

3 63 

0-30 

2-92 

0-10 

4-17 

1 00 

5-25 

0 05 

2-26 

0-40 

3 50 

0-40 

2 86 

0 10 

4-05 

0-60 

4-09 

0-30 

1-96 

0-10 

3 11 

0-20 

2 75 

0-10 

3-11 

0-60 

4-03 

005 

1-87 

0-10 

2-58 

0-10 

2 56 

0-15 

2 98 

0-20 

1-85 

0 051 

1-75 

0-10 

1 99 

0 20 

2-31 

010 

2-67 

060 



1-48 

o-iot 

1-76 

0 10 

2-15 

0 lot 

2-21 

0-20 





1-73 

010f 



2-11 

0-50 









1-90 

0-20 









1-49 

0-201 




* CuJCd radiation, Ni filter, 35 kV tube voltage, 15 mA filament current, 6-8 hr exposure, 
samples diluted 1:1 with starch, relative intensities estimated visually, 
t Less intense lines not included here. 


Potassium hexacyanoiridate(III). Although this salt* 8 * has been made during the present 
studies by fusion of a number of iridium compounds with KCN, these conversions are 
accompanied by extensive deposition of elemental iridium. It was found that use of K 3 IrClf, 
results in < 2 per cent reduction to indium and that this is by far the best starting material 
for the formation of K 3 Ir(CN)«, as follows. 

An intimate mixture of finely ground K 3 IrCls (5 0 g) and KCN (5 0 g) was added 
carefully and in very small portions to 5 g of KCN heated to a temperature just sufficient to 
keep it molten. Upon completion of the strongly exothermal reaction, the melt was cooled, 
leached with hot water and filtered. The filtrate was carefully acidified with dilute HC1, 
wanned to expel HCN, and evaporated to dryness on a steam cone under reduced pressure 

t«> See for example, C. A. Martius, Ann. 117,.357 (1861). 







, Ammines of iridium(0) 


1069 


as a precaution against decomposition of the cyanoiridate. The residue was dissolved in 
100 ml of water and passed through 100 g of Dowex-50W (hydrogen form) at a rate of 
1 ml/min. The resulting solution was evaporated nearly to dryness, redissolved in 100 ml 
of water and passed (as above) through another 100 g of Dowex-50W to insure complete 
removal of all cations except hydrogen. Finally, this solution was neutralized with dilute 
KOH, evaporated to 7 ml, and K 3 Ir(CN)6 was precipitated by addition of 40 ml of ethanol. 
The mixture was cooled to 0°, filtered, the solid recrystalhzed from water-ethanol, as above, 
and dried for 1 hr at 110°. The yield was 3 64 g or 81 per cent; X-ray diffraction date are 
given in Table 1. (Found; K, 25-07; [Ir(CN) s }3-, 74-8. Calc, for K 3 Ir(CN)«: K, 25-15; 
[Ir(CN)«l 5- > 74-8%.) 

Recovery of iridium 

Owing to the high cost of iridium and its compounds, procedures were devised for the 
recovery of iridium from accumulated solutions and residues. After consideration of several 
possibilities, it was concluded that a convenient form for the recovered material (from the 
standpoint of ease of conversion to other iridium salts) was ammonium hexachloroindatefTV). 
Recovery schemes were devised for both HN 03 -soluble and HNOj-insoluble residues. 

To recover HN0 3 -solub]e iridium, the solution and/or solid was treated with con¬ 
centrated nitric acid and evaporated nearly to dryness five times to remove halides ions and 
oxidize combined iridium to iridium(IV), and finally with sulphuric acid to remove nitric 
acid. The solution was filtered and diluted fifty fold with water; the residue was treated as 
described below. The pH of the solutions was adjusted to 4-5 and the resulting precipitate 
of hydrous iridium(IV) oxide was digested for 2 hr on a steam bath. The solid was separated 
by filtration through a fine porosity filter crucible; the clear colourless filtrate was discarded. 
The oxide was washed once with water, dissolved in concentrated hydrochloric acid and 
heated until the solution assumed a deep red colour. The volume was reduced by evaporation 
to ca. 30 ml, 100 ml of water was added, followed by a five fold excess of ammonium chloride 
(based on the estimated iridium content of the solution). The resulting (NH4) 2 IrC3,s was 
digested on a steam cone for 2 hr, cooled to 0°, filtered, washed once with a small volume 
of ice-water and dried in vacuo over concentrated sulphuric acid for 24 hr. 

Dry solid HN0 3 -insolublc residues were fused with 20 parts by weight of sodium peroxide 
in a silver crucible for 10 mm. The melt was cooled, leached repeatedly with water, and 
filtered. The residue was leached with concentrated nitric acid; the resulting solution was 
discarded and the solid residue was retained for repeated fusion with sodium peroxide. The 
water leach was treated with dilute hydrochloric acid until precipitation of AgCl was 
complete. This was filtered, the pH of the solution was adjusted to 4 5 with dilute sulphuric 
acid, and the resulting hydrous lridium(IV) oxide precipitate was treated as described above. 

As applied to the recovery of iridium from materials of widely diverse origin, the 
foregoing procedures generally resulted in the recovery of 80-90 per cent of the estimated 
iridium present. The only indium-containing species that did not respond readily to the 
above treatment was the very stable hexacyanoindate(III) ion. 


Ammonolysis tests 


In order to insure that reduction of the four compounds listed in Table 1 would not be 
complicated by solvolysis of the starting materials, each was treated separately as follows. 


HexammineiridiumUH} iodide. This salt dissolved readily in ammonia at —33-5°; the 
solubility was of the order of 30 g/100 ml of solution. Upon complete removal of the solvent, 
the residue gave an X-ray diffraction pattern identical with that which led to the data given 
in Table 1 for (Ir(NH 3 ) 6 ]l 3 and which included no lines attributable to NHJ. 


Potassium hexachloroiridate(III). This substance is virtually insoluble m ammonia at 
-33-5°. Treatment of a 725 mg sample with successive 150 ml portions of ammonia for 
several hours, followed by filtration, provided an ammonia-insoluble residue which gave an 
x -ray diffraction pattern identical with that for pure K:IrCU (Table 1). The ammonia- 
soluble fraction consisted of only ca. 5 mg of white solid; an X-ray diffraction pattern 
provided an unequivocal identification of NH«C1. 
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Potassium hexabromoiridateilll). This salt exhibits only slight solubility in ammonia 
at —33-5°. Treatment of a 622 mg sample with successive 150, 50 and 30 ml portions of 
ammonia over 15 hr, followed by filtration, gave ca. 10 mg of ammonia-soluble material 
Both the insoluble and soluble fractions gave X-ray diffraction patterns characteristic of 
K]IrBr« (Table 1) and showed no evidence of the presence of NHUBr. 

Potassium hexacyanoiridate{III). A 65 mg sample of the salt was exposed to excess 
ammonia at —33-5° for 4 hr; the solubility was estimated to be of the order of 15 g/100 ml 
of solution. After evaporation of the solvent, the residue gave a negative test for free cyanide 
ion and an X-ray diffraction pattern characteristic of (only) KjIrlCN)® (Table 1). 


Reduction of hexamminiridium(III) iodide with potassium 

Preliminary experiments, including potentiometnc titrations, showed that [IrfNHj)^ 
is reduced by ammonia solutions of potassium without formation of water-insoluble gasss 
and that an initial two-electron reduction (presumably leading to (Ir(NH 3 ) 6 l) is followed by 
a one-electron reduction to form [Ir(NH 3 ) 5 ]°. The ammonia-insoluble product of the 
relatively rapid initial reaction is a white solid; experiments designed to permit isolation of 
this substance in pure form were unsuccessful. The second stage m the reduction was quite 
slow and apparently provided mixtures of (IrfNHs^I and [Ir(NH 3 )sF unless provision was 
made for long reaction times; the final product was a pale yellow diamagnetic solid. 

In a typical experiment leading to complete reduction, 0-6083 g of the iodide in 150 ml 
of ammonia was treated with an ammonia solution containing exactly three molar equivalents 
of potassium over a period of 8 hr. After addition of 2 -9 equivalents of potassium, the solu¬ 
tion assumed a permanent blue colour. After digestion for 12 hr at -33-5° without change 
m the intensity of this colour, the mixture was filtered and the pale yellow solid was washed 
six times with 30 ml portions of ammonia. Following complete removal of the solvent, the 
product was transferred to the dry box for removal of samples. (Found: Ir, 70-1; NH 3 , 
29-9. Calc, for (Ir(NH 3 > 5 ]°. Ir, 69-3; NH3, 30-7%) X-ray diffraction data are included m 
Table 1. The foregoing analytical data were obtained by thermally decomposing a 0 1196 g 
sample of the yellow solid in vacuo, measuring the volume of ammonia liberated (largely 
at 90 ±2°), and weighing the elemental iridium (identified by X-ray diffraction pattern) 
remaining both at 135° and after treatment with hydrogen (without loss of weight) at 800° 
In separate experiments conducted as described above, the total iridium accounted for 
as elemental iridium remaining after thermal decomposition represented 98-6 per cent of 
that used as [IrfNHitsHi. Similarly, analysis of the combined ammonia filtrate and washings 
accounted for 98-3 per cent of the iodine. 


Reduction of potassium hexachioroiridateilll) with potassium 

Despite the foregoing evidence for slow ammonolysis of this salt, its reduction with 
potassium at -33-5° was demonstrated as follows: 

A 0-706 g sample of KjIrCU was slurried in 50 ml of ammonia and treated dropwise 
with a solution of 0-1586 g (3 equivalents) of potassium in 20 ml of ammonia. The resulting 
brown ammonia-insoluble product was filtered and washed with ammonia until the washings 
were chloride ion-free. Thereafter, the solvent was removed under reduced pressure; ihe 
resulting pyrophoric solid was analysed by thermal decomposition. (Found: Solid residue, 
83-0%;NH3/Ir, 1-5; Cl, l-3%.) 


Reduction of potassium hexabromoiridateilll) with potassium 

Treatment of 0-6227 g of KjIrBrs in 150 ml of ammonia with 0-1027 g of potassium in 
22 ml of ammonia resulted in the formation of a brown ammonia-insoluble solid without 
evolution of water-insoluble gases. The solution assumed a permanent blue colour after 
addition of 3-1 equivalents of potassium. After digestion for 3 hr at —33-5°, the mixture 
was filtered and the brown solid was washed five times with 50 ml portions of ammonia 
Analysis of the combined solution and washings accounted for 98-5 per cent of the bromine 
used as KsIrBr*. 
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Upon removal of the residual solvent at —33-5° and warming to room temperature, 
the bromine-free brown solid appeared to be stable. When, however, the pressure was 
lowered to 10 -3 mm, ammonia was evolved slowly and the solid darkened. A 442 mg 
sample was decomposed thermally by heating m vacuo to provide only iridium and ammonia, 
but the volume of the latter was too small to measure accurately. Iridium was identified by 
an X-ray diffraction pattern. 

Attempted reduction of potassium hexacyanoiridate^IU ) > , 

Treatment of 1 -268 g of K 3 lr(CN >6 in 50 ml of ammonia with an excess of potassium 
(0-5308 g; 5 equivalents) in 18 ml of ammonia resulted in a low rate of utilization of 
potassium; hydrogen was evolved continuously. After 5-5 hr, the blue reaction mixture was 
back-titrated with 1 -9690 g of NH4 in 18 ml of ammonia and the resultant hydrogen was 
also collected. The total hydrogen amounted to 147-5 cm 3 as compared with 148-3 cm 3 
equivalent to the total potassium used. Upon complete removal of the solvent, the residual 
solid gave an X-ray diffraction pattern characteristic (only) of KjIr(CN)6 and a negative 
test for free cyanide ion. 


DISCUSSION 

The data given above show that the over-all reduction of hexammineiridium(III) 
iodide proceeds in accordance with the equation, 

[Ir(NH 3 ) 6 ]l3+3K + +3e- - [Ir(NH 3 ) 5 3“+3K + -f 3I“+NH 3 

thus providing an independent confirmation of the existence of the previously 
reported* 1 ) pentammineiridium(O). Furthermore, the properties of the product 
formed in the present work are in all respects virtually identical with those of the 
product formed by the reduction of bromopentammineiridium(III) bromide.* 1 ) 
The only difference is that the present product gave a good X-ray diffraction pattern; 
this presumably is attributable to larger crystal size resulting from a lower rate of 
formation. Results obtained in the course of these studies were strongly suggestive of 
an intermediate reduction of [Ir(NH 3 ) 6 ]I 3 to [Ir(NH 3 )g]I, but conclusive confirmatory 
evidence could not be obtained. 

The reduction of KjIrClg was complicated by a slow competing solvolytic reaction 
as well as by the insolubility of the chloro complex. Since the ammonia-insoluble 
product was washed free of KC1, retention of chlonne in the ammonia-insoluble 
product is most likely due to unreacted K 3 IrClg; hence, incomplete reduction is 
indicated. In the case of the corresponding bromide, however, complete removal of 
bromine was demonstrated and in this case as well as in that of the chloride, it seems 
most likely that the primary reduction product was an ammine of iridium(O) of the 
type [Ir(NH 3 )J° where x < 5. However, since it has not been possible to demonstrate 
integral NH 3 /Ir ratios, the possibility of ammonia absorbed on finely divided metal 
cannot be eliminated. 

The reduction of K 3 Ir(CN)6 was expected to lead to potassium hexacyanoiridate(0), 
or intermediate reduction products, analogous to the corresponding zerovalent species 
previously observed for other transitional metals. (7 * 11) The results reported above, 
however, show that K 3 Ir(CN) 6 is not reduced by potassium in ammonia at —33-5°. 

,7> J. W. Bastes and W. M. Burgess, J. Amer. Chem. Soc. 64, 1187 (1942). 

(8) 3- 3- Burbage and W. C. Fernelius, J. Amer. Chem. Soc. 65, 1484 (1943). 

(9) V. J. Christensen, J. Kleinberg and A. W. Davidson, J. Amer. Chem. Soc. 75, 2495 
0953). 

101 W. Hieber and C. Bartenstein, Naturwissenschaften 13, 300 (1952). 
n> G - W. Watt, J, L. Hall, G. R. Choppin and P. S. Gentile, J. Amer. Chem. Soc. 76, 
373 (1954). 
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Although tliie number of cases studied thus far is limited, it appears that iridium 
complexes characterized by moderate to large crystal field stabilization energies are 
rekistant to acceptance of electrons even under extreme conditions of reduction. 
This is illustrated by the CN" and en<i2) ligands. In combination with weak field 
ligands such as halide ions or NH 3) however, reduction of Ir 3+ occurs much more 
readily and in at least two cases it has been shown conclusively that a product that 
can be interpreted as pentammineiridium(O) results. 

Finally, this and earlier papers relating to ammines of transitional metals have 
not been concerned with detailed structures except for the suggestion that the centra) 
metal atom may be in the zero oxidation state. However, several structures have been 
considered, including ones involving hydride ions. It is hoped that nuclear magnetic 
resonance studies now in progress will provide information useful in making a choice 
among different possible structures/ 13 ) 

< ia G. W. Watt, L. E. Sharif and E. P. Helvenston, Inorg . Chem . 1,6 (1962) 

U» Cf„ J. Chatt and G. A. Rowe, Nature , Lond . 191, 1191 (1961). 



j. inart. NteL Cbm .. 1842, VoL 24 op. 1073 to 1081. tagtmoa Dm Ltd. Printed fa 


ORGANOPHOSPHORUS COMPOUNDS—V 
A NEW SYNTHESIS OF TERTIARY PHOSPHINES AND ARSINES, 
PHOSPHONIC AND THIOPHOSPHONIC AS WE^L AS PHOSPHINXC 
AND THIOPHOSPHINIC HALIDES* 1 ) 

L. Maibr* 

Monsanto Chemical Company, Research Department, Inorganic Chemicals Division, 

St. Louis, Missouri 

( Received 22 January 1962; in revised form 6 March 1962) 

Abstract —The alkylation of dialkylhalophosphines and arsines with organic lead compounds 
produces in excellent yields tertiary phosphines and arsines. Since the alkylation can be 
done stepwise, this represents a simple method for the preparation of tertiary phosphines 
and arsines containing three different organic groups. Furthermore, phosphoryl and 
thiophosphoryl halides can also be alkylated and arylated with organic lead and tin com¬ 
pounds to give phosphomc, phosphinic, thiophosphomc, and thiophosphinic halides, 
respectively. Aminophosphines, phosphite and phosphate esters do not react with organic 
lead compounds even upon extensive heating at high temperatures. 

In a previous paper* 2 > we showed that tetravinyllead is an excellent vinylating reagent 
for the preparation of vinyl halogene compounds of the Group V elements. This 
method has now been extended to show that quadruply connected phosphorus 
compounds (such as PSCI 3 , POCI 3 and many others) can also be alkylated or arylated 
with tetraalkyl or tetraaryllead compounds. Organic tin compounds may also be 
used in this reaction. 

RESULTS AND DISCUSSION 

Kharasch et a/. (3) in his studies demonstrated that tetraethyllead reacts with PCI 3 
upon heating to give ethyldichlorophosphine. Higher temperatures effect further 
alkylation and dialkylchlorophosphines are produced.* 4 - 5 ) We found that dialkyl 
and arylhalophosphines react further with tetra-alkyl and tetra-aryllead to give 
tertiary phosphines. Since the alkylation can be done stepwise; 

3PCl 3 +PbR4 ->3RPCl 2 -fPbCl 2 +RCl (1) 

3RPCl 2 -fPbR ' 4 ->3RR'PCl+PbCl 2 +R'Cl (2) 

3RR'PCl+PbR'4-+3RR'R’P+PbCl 2 +R"Cl (3) 

this represents an excellent method for the preparation of tertiary phosphines, 
containing three different organic groups. 

Quadruply connected phosphorus halogen compounds do not react as easily as 
triply connected phosphorus halogen compounds. However, upon heating for longer 

* On leave of absence from Monsanto Research S.A., Zurich, 3/45, during 1960. 

,l) Part IV of this series, J. Inorg. Nucl. Chem. 24, 275 (1962). 
l2> L Maier, Tetrahedron Letters, No. 6, 1 (1959). 

131 S. Kharasch, E. V. Jensen and S. Weinhouse, J. Org. Chem. 14,429 (1949). 
l4> M - H. Beeby and F. G. Mann, J. Chem. Soc. 411 (1951). 

<3) (a) B. Bartocha, C. M. Douglas and M. Y. Gray, Z. Naturforsch. 14 b, 809 (1959); 
(b) M. Green and R. F. Hudson, Proc. Chem. Soc. 145 (1961). 
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periods and at Higher temperatures similar exchange reactions were observed: 

3PXCl 3 +PbR 4 -»3RPXC1 2 +PbCl 2 + RC1 (X = O, S) (4) 

3RPXCl 2 +PbR' 4 ->3RR'PXCl+PbCl 2 +R'Cl (5) 

3RR'PXCl+PbR' 4 -3RR'R'PX+PbCl 2 +R'Cl (6) 

The reaction is catalysed by aluminium trichloride. Many thiophosphonyl halides 
give a quantitative yield of the alkylated product, but the phosphonyl halides react 
more sluggishly and only after heating for much longer periods. It is interesting to 
note that phosphorus thiotnchloride gave, even when used in excess, with organic 
lead and tin compounds in addition to the thiophosphonic halide appreciable amounts 
of the dialkylated product, thiophosphinic halide. An explantion for this is that 
thiophosphonic halides are alkylated about as fast as phosphorus thiotrichloride. 
By heating various phosphorus compounds with organolead compounds at the same 
temperature for various time intervals and analysing the mixture by 31 P nuclear 
magnetic resonance, the following approximate series of reactivities were found - 

1. Reactivity series of phosphorus compounds: 

PBr 3 a CH 3 PBr 2 > PC1 3 > CH 3 PC1 2 a C 6 H S PCI 2 > (CH 3 ) 2 PC1 a (C 6 H 5 ) 2 PC1 > 
PSC1 3 a C 6 H 5 PSC1 2 * CH 3 PSC1 2 > C1CH 2 PSC1 2 > (CH 3 ) 2 PSC1 > POCl 3 « 
C 6 H s POC1>C1CH 2 POC1 2 

2. Reactivity series of organolead compounds: 

Pb(CH 3 ) 4 * Pb(C 2 H 5 ) 4 > Pb(C 4 Hp) 4 > Pb(C 6 H 5 ) 4 

The results with tetramethyllead, tetraethyllead and tetraphenyllead as alkylating 
agents and various phosphorus compounds are summarized in Tables 1, 2 and 3. 


Table 1.—Alkylation of phosphorus compounds with Pb(CHj)*, dissolved in toluene 

(85 % solution) 


P-compound 

Ratio 

P-comp. 

:Pb(CHi)< 

Heating 
time at 
125°C (hr) 

Products 

Yield 

(%) 

Chemical 
shift mppm 
(ref. 85% 
H 3 PO 4 ) 

PCU 

2-l:l 

20 

CHjPCh 

100* 

-192** 

CHjPCh 

2 2:1 

4 

(CH 3 ) 2 PC1 

12t 

—92 ft 

CH 3 PBr 2 

2-5:1 

1 (22°C) 

(CH 3 ) 2 PBr 

131 

-87 9 

CsHsPSCb 

2-3-1 

120 

C 6 H 3 (CH 3 )PSa 

90 

-81 0 

CH 3 PSCI 2 

2-5:i 

200 

(CHjhPSCl 

81 

-87 3 

(CH 3 )2PSC1 

2-5:1 

200 

(CH 3 )3PS 

12 

-59 I 

C 6 H 5 POCl2 

2-3 :1 

200 

C6H 5 (CH 3 )POa 

19 

-52 0 


* After 4 hrs heating at 122°C, 86% CH 3 PCI 2 had formed. 

t After additional heating of the tube for 16 hrs at 125°C only (CHj^PCl was detected 
in the n.m.r. spectra. But the peak intensity had decreased strongly (indication of extensive 
decomposition of (C H 3 ) 2 PC1) 

} The content of the tube turned solid after one hour standing at room temperature, 
probably caused by formation of phosphonium type (R 3 PBr + )Br“ compounds. 
••Reported -^l-irfi.p.m.W) 
tt Reported -93-0 p.p.m. (7 » 

C. Stuebe, W. M. LeSuer and G. R. Norman, J. Amer. Chem. Soc. 77, 3526 (1955). 

17) G. W. Parshall, J. lnorg. Nucl. Chem. 12, 372 (1960). 
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Table 2.-—Alkylation of phosphorus compounds with Pb(CiH$)4 


P-compound 

Ratio 

P-comp. 

:Pb(C 2 H 3 )4 

Heating 
time at 
125°C (hr) 

Products 

Yield 

(%) 

Chemical 
shift in p.pjn. 
(ref. 85% 
HjPO,) 

PBr 3 

2-79:1 

19(22°C) 

CjHjPBr* ! 

60a 

- 194 'io. 

CH 3 PBr 2 

2-7i :i 

2 

CH 3 C 2 H 3 PBr 

100a 

- 98-5 

PC1 3 

2-56:1 

4 

c 2 H 3 pa 2 

100 . 

-196-3 

PC1 3 

i-87:i 

4 

c 2 H 3 pa 2 

89 

-196-3 




(c 2 H 3 ) 2 pa 

11 

-119-0 

CHjPa 2 

i-84:i 

46 

CH 3 C 2 H 5 PC 1 

100 

-105-2 

C«HjPQ2 

i-96:i 

4 

C 2 H 3 (C 6 H 3 )PC1 

100 

- 97 0 

(CH 3 )zPC1 

i-85:i 

66 

(CH 3 ) 2 C 2 H 3 P 

83-5 

+ 48-5g 




(CH 3 )(C 2 Hj)2P 

8-5c 

+ 34-06 




(CH 3 ) 3 P 

8-5c 

+ 61-0/ 

(C 6 H,) 2 PC1 

2-07:1 

66 

(C6H 3 )2C 2 HjP 

90 

+ 13-56 




CsHj(C 2 H 3 ) 2 P 

5 d 

+ 15-1/ 




(C6H 3 ) 3 p 

5d 

+ 5-9m 

psa 3 

2-734:1 

39 

c 2 h 3 psci 2 

92 

- 94-On 




(c 2 H 3 ) 2 Psa 

8 

-108-3 

CH 3 PSCI 2 

1 - 94:1 

66 (115°C) 

CH 3 C 2 H 5 PSa 

lie 

- 98 -0 

C 6 H 5 PSCl2 

1 - 92:1 

66(115°C) 

C2H 5 (C 6 H5)PSC1 

10/ 

- 93 -7 




(C 2 H 3 ) 2 (C 6 H 3 )PS 

20 

- 52-0 

(CH 3 ) 2 PSC1 

i-89:i 

130 

(CHj) 2 C 2 H 3 PS 

84 

- 57 -0 

POC13 

2 64:1 

90 

C 2 H s POC1 2 

40 

- 52-5o 




(C 2 Hs) 2 POC1 

20 

- 76-7 

QCH 7 POC 12 

1 -87:1 

160 

C2Hs(C1CH 2 )POC1 

42 

- 43-8 

C 6 H 3 POCl 2 

i-77:i 

120 

C 2 H 5 (C 6 H 3 )POCl 

50 

- 59-0 


alt is better to carry out this reaction in an open flask, since the formation of 
phosptiomum salts can be avoided in this way. 

b Further heating of the tube for 17 hr at 125°C caused strong decomposition of the 
product. 

c Products formed by reorganization of (CH 3 ) 2 C 2 HsP to give CH 3 (C 2 H 3 ) 2 P plus 
(CFFhP Additional heating for 117 hr at I25°C gave 67% (CH 3 ) 2 C 2 H 3 P, 16-5% 
CH 3 (C 2 H 5 ) 2 P and 16 5% (CH 3 ) 3 P. PbCl 2 might act as a catalyst in this reorganization 
reaction. This will be investigated further. 

d Products formed by reorganization of (CsHs^CzHsP to give CsH 5 (C 2 H 5 ) 2 P plus 
(CsHs^P (see c). 

e Additional heating of the tube for 70 hr at 125°C gave 58% CH 3 C 2 H 3 PSQ and 
35% CH 3 (C 2 H 5 ) 2 PS. 

/Additional heating of the tube for 70 hr at 125°C gave 47% C 2 Hs(C«H 3 )PSCl and 
44 % (QH 3 ) 2 C«H 3 PS. 

g Reported + 51 p.p.m. !8 > 
h Reported + 34 p.p.m.< 8) 

1 Reported +61 p.p.m.®* 
k Reported +12 p.p.m.<*> 

(Reported + 16 p.p.m. (8) 
w Reported +5-88 p.p.m.®- >«> 

« Reported -94-3 p.p.m.®- 1 «) 

o Reported — 53-0 p.p.m.® ! « 

(el W. A. Henderson Jr. and S. A. Buckler, J. Amer. Chem. Soc., 82, 5794 (1960). 

H - Fineoold, Ann. N. Y. Acad. Sci. 70, 875 (1958). 

N. Muller, P. C. Lauterbur and J. Goldenson, J. Amer. Chem. Soc. 78,3557 (1956). 
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Table 3. —Arylation op fhosphorus compounds with Pb(C(sH 3 )4 


P-compound 

Ratio 

P-comp. 

:Pb(C 4 H5)4 

Heating 
time at 
180°C(hr) 

Products 

Yield 

(%) 

Chemical 
shift in p.p.m 
(ref. 85% 
H 3 PO 4 ) 

PBrj 

3-01:1 

180 

C 6 H 5 PBr2 

68 

-152-0 




(CeHjWPBr 

21 

- 70-8 

CHjPBrj 

4-63:1 

180 

QHjPBrj 

54a 

-152-0 




CH 3 C6H 3 PBr 

7 

- 77-0 

PClj 

3*03:1 

180 

C«H 3 PC1 2 

93 

-161-5/ 




(C«H 3 ) 2 PC1 

2 

- 81-5 

CH 3 PC1 2 

2 - 01:1 

39 (165°C) 

C 6 H 3 PC1 2 

55b 

-161-5/ 




CH 3 (C«H 3 )PC1 

20 

- 83-4 

QH 3 PQ 2 

30:1 

83 

(C«H 3 ) 2 PC1 

90 

- 81-3 

(CHjJjPO 

2-03.1 

39(165°C) 

CH3(C 6 H 3 ) 2 P 

50c 

+ 28-0 




(CH 3 )2C 6 H 3 P 

50 

+ 47 Oe 

(C 6 H 3 ) 2 PC1 

2-98:1 

180 

(C 6 H 3 ) 3 P 

95 

+ 5-9/ 

psa 3 

30:1 

180 

CsHjPSCli 

35 

- 74% 




(c 6 H 3 )2psa 

32 

- 79-6 

CHjPsa 2 

i-9:i 

66 

CHjC 6 H 3 PSC1 

100 

- 81 -0 

C 6 H 5 PSC1 2 

2 - 1:1 

136 

(c 6 H 3 ) 2 Psa 

94 

- 79-6 




(C 6 H 3 ) 3 PS 

6 

- 42-6 

cich 2 psci 2 

1 - 9:1 

180 

C1CH 2 (C 6 H 3 )PSC1 

46 

- 77-0 

poa 3 

3 - 01:1 

180 

C s H 5 POC1 2 

29 

- 33 7 h 




(c 6 H 3 ) 2 Poa 

15-5 

- 42-7 

QHjPOClz 

i-93:i 

66 

(C 6 H 3 ) 2 POCl 

68 

- 42-7 

acHjPoch 

2 - 0:1 

180 

acH2(c 6 H 3 )Poa 

11 

- 44-4 


oCHaPBrj decomposes partly at this temperature to give PBr 3 and other products. 
PBrj then reacts with Pb(C 6 H 3 ) 3 to give C«H 3 PBr 2 . When a tube was kept for 18 hr at 
100° C, no CgHjPBrz was formed, but 17% CHjCsHjPBr. 

b CH 3 PCI 2 decomposes partly at this temperature to give PClj and other products. 
PCb then reacts with Pb(C«Hs)< to give C 6 H 5 PCI 2 . When a tube was kept for 18 hr at 
100°C, no reaction occurred. 

c Could have been formed from CH 3 PCI 2 , a decomposition product of (CHsJjPCl. 
d Reported —162 p.p.m.< !) 
e Reported +46 p.p.m. (8i 
/Reported +5-88 p.p.m.< 9 - 10) 
g Reported -74-8 p.p.m. (5) 
h Reported -34-5 p.p.m. (5) 

This reaction represents a simple method for the preparation of thiophosphonic and 
thiophosphinic halides, which are important intermediates for the synthesis of 
phosphorus-containing insecticides. (1I) 

(11) (a) H. H. Schlor, E. Scheok and G. Schrader, DPA (German patent application) 
F 23322, F 24304, F 23321 (1957); 

(b) A. I. Razumov, O. A. Muklhachewa, I. V, Zaikonnikova, N. N. Godovinka and 
N. I. Rizpolozhensku, Akad. Nauk SSSR, Trudy 1—oi Konfercnts, 1955, 205 

, (Chem. Abstr. 52, 293 (1958)); 

(c) F. W. Hoffmann and T. R. Moore,/. Chem. Amer. Soe. 80,1150 (1958). 
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Orgsnophosphorus compounds—V 

I 

Recently, it was postulated* 12 * that phosphite and phosphate esters give octane 
toss in leaded fuel by reaction with the tetraethyllead to form compounds of reduced 
antiknock activity, e.g.: 

P(OR)3+Pb(C 2 H5)4^C 2 H 5 P(OR)2+Pb(C2H5)3(OR) (7) 

However, we found that aminophosphines P(NR 2 ) 3 , phosphite and phosphate esters 
do not react with tetra-alkyi or aryllead compounds, even upon extensive heating for 
long periods. Therefore, the lead antagonism of phosphite and phosphate estets 
cannot be caused by an exchange reaction as postulated in Equation (7). 

A few experiments were carried out with alkylhaloarsines in order to establish 
the scope of the reaction. Here also, a tertiary arsine was produced, when a dialkylhalo- 
arsme was caused to react with a tetra-alkyllead compound. The results are 
summarized in Table 4. The reaction proceeds according to Equations ( 8 ) and (9): 

3 RAsBr 2 +PbR'4-*3RR'AsBr+PbBr 2 -t-R'Br (8) 

3 RR'AsBr+PbR' 4 -»RR'R'As+PbBr 2 +R'Br (9) 

Table 4.— Alkylation of alkylhaloarsines with tetra-alkyllead compounds 


PbR* 

R = 

As-compound 

Product 

Yield 

(%) 

b.p. 

CO 

„20 

n D 

ch 3 

CH 3 AsBr 2 

(CH 3 )zAsBr 

90 

126-129 

1-5703* 

c 2 h 3 

CH 3 AsBr 2 

CH 3 (C 2 H 5 )AsBr 

80 

154-155 

1-5732 

CH 2 = CH 

CH 3 AsBr 2 

CH 3 (CH 2 = CH)AsBr 

60-5 

144-145 


C 4 H 9 

CH 3 AsBr 2 

CH 3 (C 4 H 9 )AsBr 

57 

172-178 

1-6368 

C 2 H s 

(CH 3 ) 2 AsBr 

(CH 3 ) 2 C 2 H 5 As 

56 

83-84 



* Reported b.p. 128-130°C, n 2 g = 1-5713.»J» 


Two experiments with tetraphenyltin demonstrated that it can also be used as an 
arylating reagent. Tetraethyltin was shown earlier to give excellent yields of C 2 H s PBr 2 
when reacted with PBr 3 <> 4 >. 

The results are summarized in Table 5. 

Table 5. —Arylation of PC1 3 and PSCIj with tetraphenyltin 


P-compound 

Ratio 

P-compound 

:Sn(C 6 Hj) 4 

Heating 
time at 
180°C (hr) 

Products 

Yield 

(%) 

Chemical 
shift in p.p.m. 
(ref. 85% 
H 3 PO 4 ) 

pa 3 

31:1 

350 

(C«H 5 )PC1 2 

65 

— 161 -5 

psa 3 

3-09:1 

130 

CtHjPSClj 

58 

- 74-8* 




(C«Hj) 2 PSa 

36 

- 79-6 


* Reported -74-8 p.p,m.< 9 > 


12 F. C. Gunderloy, Jr. and R. F. Neblett, presented before the Division of Petroleum 
Chemistry, Amer. Chem. Soc. Cleveland Meeting, April 1960. 
lU) h. Maier, E. G. Rochow, W. C. Fernelius, J. Irtorg. NucL Chem., 16,213 (1961). 

1141 A. Sacco, Mem. Acad. Lincei, 101 (1951). 
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Contrary to tetraphenyllead, tetraphenyltin reacted much faster with PSC 1 , 
than with PCI 3 . Thus, heating a mixture of PSCI 3 and Sn(C 6 Hj ) 4 in the ratio of 
3-09:1 for 40 hr to 180°C produced 22% QHjPSClj and 36% (QHjfcPSCI. How¬ 
ever, no C 6 H 5 PCI 2 was formed when a mixture containing PCI 3 and Sn(C 6 H s ) 4 in the 
ratio 3-1:1 was heated for 40 hr to 180°C, but the reaction mixture became nearly 
completely solid when cooled to room temperature consisting probably of a complex 
of the type [PCl23§ + [SnCCeHs^Cy 2- . Subsequent heating of this solid for additional 
310 hr to 180°C decomposed it to give QH5PCI2 and (QHj^SnC^. 

EXPERIMENTAL 

Most of the experiments were carried out in thick-walled 15 mm Pyrex tubes which, 
after being flashed with nitrogen, were sealed off and heated at temperatures and for time 
intervals as indicated in Tables 1, 2, 3 and 5. The mixtures were quantitatively analysed by 
nuclear magnetic resonance spectroscopy. The measurements were made with a Vanan 
Model V-4300 B high resolution nuclear magnetic resonance spectrometer at a frequency 
of 16-2 mc/s and a magnetic field of approximately 9395 G. The referencing was done by 
tube interchange using 85 % H 3 PO 4 as the reference compound. However, some experiments 
were repeated in an open flask to demonstrate that the reaction goes also to completion 
without pressure. All the experiments involving haloarsines were carried out in an open 
flask and the products isolated by fractional distillation in a spinning band column. 

1. Preparation of phosphonous and phosphinous halides 

a. Methylphosphonous dibronude CHjPBf 2 . Sixty-five grammes of PBra (0 24 mole) 
were placed in a three-necked flask, equipped with a stirrer, reflux condenser and a dropping 
funnel. Then 13 g of PbfCHj),* (0 048 mole) were added dropwise. After about 7 g of 
Pb(CH 3 ) 4 * had been added, a strong exothermic reaction started and continued with further 
adding. After 2 hr refluxing, the reaction mixture was distilled under reduced pressure and 
the distillate collected in a trap, cooled with liquid nitrogen. Residue 13 g of PbBr 2 (theor 
17-8 g). Fractional distillation of the condensate yielded three fractions: (1) 120-145“C/720 
mm (29 g), (2) 145-165°C/720 mm (9-5 g), (3) 165-175°C/720 mm (8 g). Redistillation of 
fraction 1 and 2 gave pure CH 3 PBr 2 , b. p. 139—141 °C/720 mm, 21 g (= 72-5 per cent) 
rip — 1 -6210 (reported b.p. 139-141*0 15) ). The 31 P chemical shift agreed with an authentic 
sample ( — 184 0 p.p.m.). (Found: C, 5-89; H, 1 46; Br, 77 56. Calc, for CH 3 Br 2 P: C, 5 83; 
H, 1-47; Br, 77-65%.) 

b. Methylphenyiphosphinous chloride C 6 Hs(CH 3 )PCl. Similarly from 0-3 mole CtHsPCb. 
0-01 mole AlClj and 0-1 mole Pb(CHj) 4 ; heating time 2 hr at 100°C; yield 61 per cent; 
b.p. 66-67° C/2 mm. 

c. Ethylphenyl phosphinous chloride QHs^HslPCl. From 0-3 mole C 6 H 5 PCI 2 , 0 01 
mole AICI 3 and 0 1 mole Pb(C 2 H 5 ) 4 ; heating time 4 hr at 120°C; yield 80 per cent, bp. 
73-75°C/2 mm (reported b.p. 76° C/2 mm, Reference 5b). 

2. Preparation of tertiary phosphines 

a. Ethyldiphenylphosphine (C 6 Hj) 2 C 2 H 5 P. From 0-2 mole (CsHj^PCl and 0 1 mole 
Pb(C 2 Hj) 4 ; heating time 27 hr at 110°C;yield 55 percent; b.p. 126-130°C/0-5 mm (reported 
b.p. 184°C/22 mm (1<,) ). This run was repeated with the addition of 0 01 mole AlCb ln 
this case a 59 per cent yield of ethyldiphenylphosphine was obtained after 4 hr heating 
at U0°C. 

• Tetramethyllead, tetraethyllead and tetraphenyllead were supplied by the Ethyl 

Corporation. v 

J* s * L. Maier, Angew. Chem. 71, 574 (1959), 

%«) ( a ) j, Mebenhhmbr, J. Casper, M. Horing, W. Sauter, L. Lichtenstadt and W 
Samuel, Lieb. Ann. 449,213 (1926); 
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b. Diethylphenylphosphine C^HKCjHs)*?. From 0*1 roole-C«HjPCl 2 , 0-01 mole Aids 
and 01 mole Pb(CiHj)*; heating time 4 hr at 110°C; yield 69 per cent; b.p. 60-65°C/2 mm 
(reported b.p. 96-98°C/10 mm ,1Ml ). This phosphine was characterized as the phosphonium 
salt [CsHsPtCiHsb]!, m.p. 137-139°C (reported m.p. 139°C< 14b >). (Found; 1, 39-6. 
Calc, for ChHjoIP: 1. 39-4%.) 

c. Methylethylphenylphosphine C 6 Hj(C 2 H 5 )CHjP. From 0-17 mole C 6 H 5 CH 3 PQ; 

0 005 mole AICI 3 and 0 07 mole Pb(C 2 Hj) 4 ; heating time 4 hr at 110°C; yield 62 p& cent; 
b.p. 96-97°C/15 mm (reported b.p. 96-97°C/l 5 This phosphine was characterized 

as the phosphonium salt [C 6 Hs(CH 3 )P(C 2 Hs) 2 ]I, m.p. 104-105°C (reported m.p. 108- 
109°C(i*»)). (Found; I. 41-4%. Calc, for C n H 18 IP; 1,41-2%.) 

3. Preparation of CH 3 PSCI 2 and (CH 3 ) 2 PSC 1 

A mixture of 50-8 g of PSCI3 (0-3 mole) and 26 7 g of Pb(CH 3)4 (0*1 mole as an 80 per 
cent solution in toluene) was refluxed for 37 hr. Then the precipitated PbCl 2 was filtered 
off (15 g PbCl 2 ) and the filtrate fractionally distilled. The yield of CH 3 PSC 1 2 was only 18 
per cent in this experiment. Therefore the experiment was repeated with the addition of 
aluminium trichloride which increased the rate of reaction considerably. Addition of zinc 
dtchlonde or cadmium dichlonde had no effect on the reaction rate. 

To a two-necked flask, equipped with a refluxing condenser and a stirrer, was added 
50 8 g of PSCh (0-3 mole) and 26 7 g of pure Pb(CH 3 > 4 . Then 2 6 g of technical AICI 3 
was added (note: AlClj has to be added, while the mixture is still cold (at room temperature). 
In one experiment, where AICI 3 was added to a refluxing mixture of PSCI 3 and Pb(CH 3)4 
a nearly explosive reaction occurred). Addition of AlClj is accompanied by a weak exo¬ 
thermic reaction. Then refluxing of the reaction mixture was started. The refluxing 
temperature increased over a period of 15 hr from 117 to 135°C. The precipitation of 
PbCl 2 started after about 1 hr refluxing. After cooling of the reaction mixture to room 
temperature the precipitated PbCl 2 was filtered off, washed several times with CCU, and 
dried in the high vacuum (yield 30 2 g), [theor. 30 4 g (27-8 g PbCl 2 +2-6 g AICI 3 )]. The 
filtrate was fractionally distilled, using a spinning band column, fraction 1, b.p. 120-140°C/ 
725 mm, 7-5 g mostly PSCI 3 , fraction 2, b.p 46-48°C/9-5 mm Hg, n 2 ^ 1-5509, 22 g of 
CH,PSC1 Z (78 6 per cent). (Found; C, 8 02; H, 2 19. Calc, for CH 3 C1 2 PS: C, 8 08; 
H, 2 02%. Reported; bp. 44^l5°C/9 mm Hg, n 2 J l-5485< llb - llc - 15d >) Fraction 3, b.p 
65-67° C/9 5 mm Hg; n 2 ° 1 5460, 6 g of (CH 3 ) 2 PSC1 (21 -4%). (Found; Cl, 27-41. Calc. fo r 
C 2 H<,C1PS: Cl, 27 58%. Reported: b.p. 72-75712 mm; n 2 £ l-545iu<*>). The 3>P chemical 
shift agreed with authentic samples CH 3 PSCI 2 : —79 8 p.p m. (reported -79-8 p.p.m. (10) ) 
(CH 3 ) 2 PSC1. —87-3 p.p.m. (reported -87-3 p.p m (l6f >) Eighty per cent of the theoretically 
available methyl groups of tetramethyllead according to Equations (4) and (5) were isolated 
as methylthiophosphonic and dimethylthio-phosphimc chloride. 

4 Preparation of C 2 HjPSC1 2 and (C 2 H s ) 2 PSCl 

A mixture of 100 g of PSCI 3 (0-59 mole) and 37 g of Pb(C 2 H 5)4 (0-115 mole) was 
refluxed for 10 hr in a two-necked flask, equipped with a stirrer and a reflux condenser. 
Then the precipitated PbCl 2 was filtered off, washed with carbon tetrachloride (23 g PbCl 2 ) 
and the filtrate fractionally distilled: (1) 177-181°C/740 mm 41 g C 2 H 5 PSC 1 2 (= 87-8 per 
cent) (reported b.p. 80-82° C/50 mm Hg*’?)), (2) 225-227°C/740 mm Hg, 5-7 g (C 2 H 3 ) 2 PSC1 

<,6) (b) W. C. Davies and W. P. G. Lewis, J. Chem. Soc. 1599 (1934); 

(c) L. Horner and A. Mentrup, Lteb. Ann. 646, 65 (1961). 

(d) Z Pelchowicz, /. Chem. Soc. 238 (1961); 

(e) L. Maier, Ber. Dtsch. Chem. Ges. 94, 3051 (1961). 

(0 K. Modritzer, L. Maier and L. D. C. Groenweghe, J. Chem. Engng. Data . 
7, 307 (1962). 

" 7) Fr. Guichard, Ber. Dtsch. Chem. Ges. 32, 1572 (1899). 
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(=> 12-2 per coni) (reported b.p. 117-120°C/15 mm Hg< 18> ). The J1 P chemical shift agreed 
with authentic samples C2HjPSCh‘.-94 p.p.m. (reported -94-3 p.p.m.< 9 > (C 2 Hs) 2 PSCJ 
—108*3 p.p.m.* 

Ninety-four per cent of the theoretically available ethyl groups of tetraethyllead according 
to Equations (4) and (5) were isolated as ethylthiophosphonic and diethylthio-phosphinic 
chloride. An additional 10 g of PbCh remained as residue in the distillation flask (isolated 
PbCli altogether 33 g, theoretical 31 *8 g). 


5. Preparation of C<jHsPSG 2 and (C*Hs) 2 PSC1 

A mixture of 32 g of PSC1 3 (= 0*189 mole) and 22 g of PbfCeHj^ ( = 0 042 mole) 
sealed under nitrogen in a thick-walled Pyrex tube was heated for 160 hr to 180°C. Then, 
the precipitated PbCh was filtered off, washed with CCU (13 g theor. 11 -8 g) and the filtrate 
fractionally distilled: (1) 100°C/1 mm Hg, 5*5 g C«HjPSC1 2 (=34 per cent), chemical 
shift-74*4p.p.m. (reported-74 8 p.p.m. (1 °i),(2) 160-163°C/0-5mmHg, 10-5 g(C 6 H 5 ) 2 PSCl 
(reported b.p. 160°C/0*3 mm Hg< 6 >), chemical shift —79*6 p.p.m. Eighty-two per cent 
of the theoretically available phenyl groups of tetraphenyllead according to Equations (4) 
and (5) were isolated as phenylthiophosphonic and diphenylthiophosphinic chloride. 


6. Attempted reaction of (C 2 HsO) 3 PO, (C 2 HsO) 3 P and CH3P[N(C 2 H 5 ) 2)2 with organic lead 
compounds 

Matures of (CiHjOljPO and Pb(C 2 Hs )4 as well as P(OC 2 Hs )3 or CH 3 P[N(C 2 H 5) 2 ] 2 
with Pb(C2H5)4 (ratio 111, 2; 1,4:1 and 1:2), sealed m thick-walled Pyrex tubes, were heated 
for various time intervals and analysed by n.m.r. 

(a) Tubes were kept for three weeks at room temperature. No exchange reaction could 
be detected. 

(b) Additional heating of the tubes for 140 hr to 90°C did not cause any reaction. 

(c) When the tubes were heated for 3 hr to 140“C, large amounts of metallic lead 
deposited, probably caused by decomposition of Pb(C 2 H 5 ) 4 . The residual liquid 
contained only the starting phosphorous compound, and no exchange reaction had 
occurred. 

One could conceive an exchange reaction not involving the breakage of a P-O bond but of 
a C-O bond, such as: 

Pb(C6H 3 )4+(C 2 H 5 O)3P0 -♦ Pb(C,sHj)3C2H5+(C 6 H 5 0)(C2H50) 2 P0 
However, no such reaction was observed when a tube containing (C 2 HjO) 3 PO and Pb(C6Hs)4 
was heated for 250 hr to 150°C. 


7. Preparation of (CH 3 ) 2 AsBr 

To 65 g of CH 3 AsBr 2 (= 0*26 mole) t was slowly added under stirring 13 g of Pb(CH 3 )4 
(=0*05 mole). A strong exothermic reaction ensued. CH 3 AsBr 2 came to refluxing. After 
the addition was completed, refluxing was continued for one hour and then the reaction 
mixture distilled under reduced pressure and the product collected in a trap, cooled with 
liquid nitrogen (residue 18 g PbBr 2 , theor. 17*8 g). Fractional distillation of the condensate 
yielded: (1) 128-130°C/720 mm, Hg25g(= 90 per cent) (CH 3 ) 2 AsBr, = 1 *570 (reported 
b.p. 128-129°C/720 mm, = 1-5712<”>), (2) 175-183°C/720 mm Hg, 31 g CH,AsBr 2 
(starting material). During the reaction, 4*2 g CH 3 Br were isolated (theor. 4*7 g). 

* Authentic sample was obtained by cleavage of [C 2 H 5 ) 2 PS ]2 with chlorine in Cb 
solution and had the same chemical shift. 

t Prepared from As + CH 3 Br with Cu powder as a catalyst (Reference 13). 
os) v. M. Plets, Dissertation, Kazan (1938).. 
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g. Alkylation ofCRyAsBn with (CzHj^Pb, (CH 2 - CH)4Pb * (C^Pb.t 

All these alkylations as well as alkylation of (CH 3 )iAsBr with (C 2 H s ) 4 Pb were carried 
out similarly as that described in experiment 7. The results are summarized in Table 4. 
The following analytical data were obtained.} (Found: C, 18-37; H, 4-11; Br, 40-35. 
Calc, for CH 3 C 2 HjAsBr: C, 18-12; H, 4-05; Br, 40-18%. Found: Br, 43-08, Calc, for 
(CHj^AsBr: 43-22%. Found: C, 38-73; H, 8 01. Calc, for (CHj^CjHsAs: C, 38-65; 
H, 8 93. Found: C, 18-2; H, 3-06. Calc, for CH 3 CH 2 - tHAsBr: C, 18-3 H, 3-07. 

Acknowledgements—This research was supported in part by the United States Air Force 
under Contract AF 33(616)-6950(1960), monitored by the Materials Laboratory, Wright 
Air Development Center, Wnght Patterson Air Force Base, Ohio, U.S.A. 

* Tetravmyllead was prepared from PbCl 2 and CH 2 = CHMgCl m tctrahydrofuran< 2 > 
Contrary to Juenge and Cook,* 19 * we hydrolysed the crude reaction mixture with saturated 
ammonium chloride solutions (about 90 ml per mole Grignard) and obtained 85 per cent 
pure tetravmyllead as compared to 34-3 per cent by Juenge et al. We cannot confirm their 
statement that tetravmyllead shows considerable decomposition on hydrolysis with am¬ 
monium chloride after standing for one day. No decomposition was observed after standing 
for several days. However, after standing for two months m the dark, a small amount of 
white to pale yellow solid had precipitated. This indicates strongly that some decomposition 
occurs upon standing for long periods The statement of Bartocha and Gray< 20 > that 
tetravmyllead is stable even upon exposure to light is doubtful. 

t Prepared from PbCh and C 4 HaMgBr according to established procedures, 
t Microanalyses were performed by A. Peisker-Ritter, Brugg, Switzerland. 

<' 9 > E. C. Juenge and S. E. Cook, J. Amer. Chem. Soc. 81, 3578 (1959). 

<2oi B. Bartocha and M. Y. Gray, Z. Naturforsch. 14 b, 350 (1959). 
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COMPLEXES OF THE RARE EARTHS—II 

N.N'-ETHYLENEDIAMINE-DIACETIC ACID * 

I 

L. C. Thompson 

Department of Chemistry, University of Minnesota, Duluth, Minnesota 
(Received 22 February 1962) 

Abstract—Step-wise stoicheiometric formation constants have been determined for the rare 
earths (including yttrium) with N,N'-ethylenediaminediacetic acid. The measurements have 
been made in aqueous solutions of ionic strength n = 0-1 (KNO 3 ) and a temperature of 
25°C. The data have been interpreted in terms of 111 and 2;l chelates. Trends in the 
values of log Jti and log K 2 are discussed and compared with similar values for other 
aminopolycarboxylate complexes. It is further shown that the values of log K 2 are of such 
a magnitude as to suggest that the rare-earth 10 ns exhibit a co-ordination number larger 
than six. 

Despite the current interest in the rare-earth elements, there have been only a few 
studies devoted to determining their general co-ordinating tendencies.At the 
present time such a project is underway in this laboratory and the stability constants 
of the rare-earth chelates of a variety of different types of ligands are being determined. 

In this communication the stability constants for the 1:1 and 2:1 ethylene- 
diamine-N,N'-diacetic acid-rare earth chelates are reported. 

HOOCCH 2 -N-CH 2 CH 2 -N-CH 2 COOH (EDDA) 

I I 

H H 

Apparently this ligand has been the subject of only one earlier study < 2) in which the 
stability constants for the 1:1 chelates with magnesium and several transition metals 
were reported. 

EDDA is of particular interest in view of the recent suggestion* 3 ’ that the rare- 
earth ions can expand their co-ordination number beyond the six which is usually 
assumed. Since one EDDA molecule can only occupy four positions around the 
rare-earth ion, this leaves at least two, and possibly as many as four, co-ordinating 
positions unoccupied. The relative magnitudes of the stability constants for the 
2:1 chelates compared with the 1:1 chelates should then give some indication as to 
whether the rare-earth co-ordination number is six or greater than six with this ligand. 

EXPERIMENTAL 

Solutions. A carbonate-free potassium hydroxide solution was prepared from a Fisher 
standard and standardized against potassium hydrogen phthalate. The EDDA was purchased 
from K & K Laboratories, Inc., and purified by two recrystallizations from water. An 
approximately 0005 M solution was prepared and standardized by complexometric titration 
with copper using murexide as the indicator. A 1 000 M potassium nitrate solution was 

Ul For a survey of the literature up to May, 1960, see L. C. Thompson, Ph.D. Dissertation, 
University of Illinois (1960). 

(21 S. Chaberek, Jr. and A. E. Martell, /. Amer. Chem. Soc. 74, 6228 (1952). 

1,1 G. Anderegg, P. Nageli, F. Muller and G. Schwarzenbach, Helv. Chim. Acta, 42, 
827 (1959). 
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prepared from the analytical reagent. Solutions of magnesium, cadmium, and copper 
nitrates were prepared from the reagent grade materials and standardized complexometrically. 

Approximately 0-005 M rare-earth nitrate solutions,* with the exception of cerium, 
were prepared by dissolving a weighed amount of the oxide (99-9 per cent pure) in a known 
excess of standard nitric acid. The cerium(III) nitrate solution was prepared from cerium(III) 
nitrate hexahydrate. The rare-earth content of each solution was determined by a complexo- 
metric titration using EDTA and Enochrome Black T.<«> In addition, the cerium, neodymium 
and samarium solutions were analyzed by precipitating the oxalates, igniting to the oxides 
and weighing. In all cases the concentrations found experimentally were in good agreement 
with those calculated from the weight of oxide used. The excess nitric acid was determined 
by adding an equivalent volume of the rare-earth solution to a standard Na 2 H 2 [EDTA] 
solution and titrating the hydrogen ions. The concentration of the excess nitric acid was then 
found by subtracting the hydrogen ions released upon the formation of [Ln(EDTA))~ from 
the total number of hydrogen ions found in the titration. Good agreement between the 
experimental and calculated values was found. 

Experimental procedure. The experimental procedure consisted of a potentiometnc 
titration of EDDA alone and in the presence of the rare-earth ions. Solutions containing 
a 2|1 or 3; 1 ratio of EDDA to rare-earth were used. In all cases the ionic strength was maintained 
at 0-1 by the addition of potassium nitrate. The measurements were earned out m a constant 
temperature bath maintained at 25 00 ±0-02°C. A Beckman model GS pH meter (operated 
as a model G) equipped with a calomel reference electrode and an all-purpose glass electrode 
was used to determine the pH values. The titration vessel was a 200 ml Berzelius beaker 
fitted with a rubber stopper containing holes for the electrodes, microburet, and gas inlet 
and outlet tubes. Presaturated nitrogen obtained by bubbling commercial water-pumped 
nitrogen through a 0-1000 M potassium nitrate solution was passed through the solution 
to effect stirring and maintain an inert atmosphere. 

Calculations. Values of pH were converted to concentration values using the correction 
factor —0-08 pH units found for a dilute soluuon of nitnc acid. This correction factor was 
assumed to be valid for the pH range 3-10. The concentration of hydroxide ions was 
determined using a value for K C W al 1 68 x 10~ 14 . The acid dissociation constants were 
calculated by the method outlined by Chaberek and Martell.(s) The stability constants 
were calculated by solving simultaneous equations as developed by Block and McIntyre. (6) 

DISCUSSION 

The results obtained for the acid dissociation constants and the rare earth- 
EDDA stability constants are listed m Table 1. The acid dissociation constants for 
EDDA can be compared with the literature values of 6-42 and 9-46 (30°C, p = 0-1) (2) 
The significance of these pK values in terms of the structure of EDDA has been 
discussed previously.< 2) The values for the stability constants can be considered to be 
reliable within ±0-02 log K\ units and ±0-05 log A 2 units as determined from the 
95 per cent confidence intervals. The possible existence of binuclear chelates of the 
type [Ln 2 (EDDA) 3 ] was checked in the case of erbium by varying the metal con¬ 
centration in the titration mixture. It was found that plots of h vs. pA coincided 
within the experimental uncertainty. Moreover, it was found that solutions con¬ 
taining a 2tl mixture of EDDA and rare-earth ion did not give a precipitate at pH 9, 
whereas a precipitate was noticed in 3:2 mixtures. Since 1:1 mixtures give precipitates 
in basic solution, this indicates that in the 3:2 mixtures the rare-earth ions are not 
co-ordinately saturated, 

• The rare-earth materials were generously supplied by Lindsay Chemical Division 
American Potash and Cfiemical Corpdration, West Chicago, Illinois. 

W» G. Schwarzenbach, Complexometric Titrations, p. 73. Interscience Publishers, New 
York (1957). 

l*> S. Chaberek, Jr. and A. E. Martell, J. Amer. Chem. Soc. 74, 5052 (1952). 

<*> B. P. Block and G. H. McIntyre, Jr., Jr^mer. Chem. Soc. 75, 5667 (1953). 
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The experimental technique and computational procedure were checked by 
redetermining the values of the stability constants of the magnesium and cadmium 
chelates. The values obtained for log K x were 3-95 for magnesium and 8-99 for 
i- flHmiinn (25° C, n — 0-1). These are in good agreement with the values of 3*9 for 
magnesium and 8-8 for cadmium (30°C, n — 0-1) reported by Chaberbk and 
Marteli/ 2 * 

The stability constants of the 1:1 chelates increase uniformly from lanthanum 
to europium, decrease to gadolinium and then increase uniformly again to lutetium. 
It is of interest to note that the gadolinium value is smaller than the samarium value. 
This is a rather severe example of the “gadolinium break” which is apparently 

Table 1.—Formation constants for edda-rare earth chelates 
/ - 25°C, n = 010 (KNOj) 
pKi = 6-48, p K 2 = 9-57 

Metalion log K\* log K 2 * log 


La 3+ 

7-04 

4-73 

11-77 

Ce 3+ 

7-48 

492 

12-35 

Pr3+ 

7-84 

5-23 

13-07 

Nd 3+ 

8 06 

5-63 

13-69 

Sm 3+ 

8-28 

607 

14-35 

En 3+ 

8-38 

6-35 

14-73 

Gd 3+ 

813 

608 

14-21 

Tb 3+ 

818 

6-52 

14-70 

Dy 3+ 

8-31 

6-78 

1509 

Ho 3+ 

8-42 

700 

1542 

Er 3+ 

8-59 

7-45 

15-78 

Ti 3+ 

8-75 

7-64 

16-39 

Yb 3+ 

8-93 

7-92 

16-85 

Lu 3+ 

909 

848 

17-57 

Y 3+ 

7-78 

6-34 

14-12 


always observed in the stability constants of the rare-earth chelates. The trends 
which have been noted above for the stability constants of the 1:1 rare earth-EDDA 
chelates are quite similar to those which have been observed previously for the rare- 
earth-hydroxycthylethylenediaminetriacetic acid (HEDTA) chelates. < 7 > Similar trends 
have also been observed in the glycolate series/ 8 ) 

In view of the marked dissimilarity between HEDTA and EDTAin their behaviour 
toward the rare earths/ 9 ) this similarity between HEDTA and EDDA is surprising. 
It has been postulated in the past that both EDTA and HEDTA utilize the same basic 
chelating structure toward the rare earths< 10> (i.e., one carboxyl group unco-ordinated 
m EDTA and the hydroxyethyl group unco-ordinated in HEDTA). In this connexion 
it can be noted that the difference between the corresponding log K values ranges 


* *i = [LnfEDDA)], K 2 = [Ln(EDDA) 2 ] . J? 2 = [Ln(EDDA)J. 
[Ln][EDDA] [Ln(EDDA)][EDDA] [Ln][EDDA] 2 

(7) F. H. Spedding, J. E. Powell and E. J. Wheelwright, J. Amer. Chem. Soc. 78, 34 
0956); T. Moeller and R, Ferrus, J. Inorg. Nucl. Chem. 20, 261 (1961). 

| 8 | A. Sonesson, Acta Chem. Sccmd. 13, 998 (1959). 

9 T. Moeller, L. C. Thompson and R. Ferrus, in Rare Earth Research (Edited by 
, V. Kleber), p. 3. Macmillan, New York (1961). 

T. Moeller and E. P. Horwitz, J. Inorg. Nucl. Chem. 12,49 (1959). 
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from 1*8 to 3-9. The corresponding difference for the divalent metali nickel, zinc, 
cobalt, cadmium, iron, manganese and calcium is from 1*4 to 3-4 log K units.* 111 

The difference between the log K values of the rare earth-HEDTA chelates and 
the rare earth-EDDA chelates is, however, 6-4-7-1 log K\ units. For the divalent 
metal ions listed above, data are available only for nickel, cobalt, zinc and cadmium 
and this difference is only 3-2-4-2 log K\ units.* 111 The absence of the third carboxyl 
group, therefore, has a much more pronounced effect on the stability of the rare 
earth-chelates than upon the divalent metal ions considered here. 

A similar comparison can be made between EDDA and nitrilotriacetic acid 
(NTA). Both ligands contain four donor atoms; two nitrogen atoms and two oxygen 
atoms in EDDA and one nitrogen atom and three oxygen atoms in NTA. In all cases 
the rare earth-NTA chelates* 121 are much more stable than the corresponding rare 
carth-EDDA chelates. For the four divalent metals above, the stabilities are either 
nearly the same or the EDDA chelates are more stable.* 111 This difference in behaviour 
with the two classes of ions can be ascribed to the geometrical arrangement of the 
donor atoms in the ligands and to the known preference of the rare-earth ions toward 
oxygen donors and the later transition elements toward nitrogen donors. 

The position of yttrium is always of interest since on the basis of size considera¬ 
tions alone, the stability constants of its complexes should fall in the region between 
dysprosium and erbium. For the 1:1 EDDA chelate, yttrium lies between cerium 
and praseodymium, corresponding to an “anomolous” behaviour. <*» The similarity 
between the rare earth-EDDA and -HEDTA chelates is again noted since the yttrium 
-HEDTA chelate has a stability between praseodymium and neodymium.< 7 > At the 
present time, only one other ligand (dipicolmic acid)* 151 has been investigated for 
which yttrium occupies a position so low in the cerium-earth region. The exact cause 
of this behaviour is not known at the present time, but it is apparent that there are 
factors involved which are not considered in the simple electrostatic model. 

The log K 2 values for the rare earth-EDDA chelates are remarkably large. 
In fact, log K 2 for each of the last four ions (erbium through lutetium) is larger than 
log K\ for lanthanum, a situation which apparently has been encountered previously 
only in the 8-quinolinol-5-sulphonic acid chelates.* 141 With the exception of 
gadolinium, which has a value quite low in comparison with the values for europium 
and terbium, the log K 2 values increase consecutively throughout the series. This is 
to be contrasted to the NTA chelates for which log K 2 increases from lanthanum 
through dysprosium, decreases through thulium, and then increases for ytterbium 
and lutetium.* 15 - 161 The uniform behaviour of log K 2 for EDDA would seem to 
indicate that other than possibly gadolinium, no steric hindrance is encountered by 
the second ligand molecule. Yttrium again falls in the cerium-earth region lying 
between samarium and terbium. The exact position is indeterminate due to the low 
stability of the gadolinium chelate. 

1111 J. Bjerrum, G. Schwarzenbach and L. G. Suxen, Stability Constants, Part I: Organic 
ligands. The Chemical Society, London (1957). 

<«» G. Schwarzenbach and R. Gut, Helv. Chim. Acta, 39, 1589 (1956). 

< 131 1. Grenthe, /. Amer. Chem. Soc. 83, 360 (1961). 

(i4) B. F. Freasier, A. G. Obero and W. W. Wendlandt, J. Phys. Chem. 62, 700 (1958). 

* 131 G. Anderego, Helv. Chim. Acta, 43, 825 (1960). 

* 161 T. Moeller and R. Ferrus, Inorg. Ckem.'T, 49 (1962). 
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Since the values of the stability constants for rare earth-glycine complexes are 
small (log Jf * 3), (17) it is highly unlikely that the formation of the 2:1 EDDA 
complexes involves only one glycine ring from the second ligand molecule. The 
magnitude of the log AT 2 values is also not reasonably explained by assuming that 
the basic chelating structure involves one oxygen atom and two nitrogen atoips, 
since the addition of a nitrogen atom should not increase the stability very much 
over that of the glycinate structure. In view of the relative magnitudes of log ATj and 
log Kz it appears more likely that the second ligand is also utilizing all four donor 
atoms. 

Again it is of interest to compare EDDA with the somewhat similar quadridentate 
ligand NTA. Anderegg< 15> has pointed out that the 2:1 rare earth-NTA chelates 
have remarkably large stability constants when compared to the 1:1 chelates. On this 
basis he has concluded that the 2:1 chelates are probably eight-co-ordinate. A similar 
line of reasoning for the EDDA chelates leads to the conclusion that the co-ordination 
number of the rare-earth ions in this case is also larger than six, presumably eight. 

The suggestion that the rare earths may have a co-ordination number of seven 
or eight in some of their complexes is becoming more widespread. The first such 
proposal was advanced to explain the large increase in stability of the cerium- 
diethylenetriaminepentaacetic acid chelate over the corresponding EDTA chelate. < 3 > 
This increase is much larger than that observed for the divalent transition metals 
for which the maximum co-ordination number is six. Structures involving rare-earth 
ions with co-ordination number seven have recently been proposed for the EDTA 
complexes and the trisacetylacetonates,< 18) each of which in the solid state retains 
one molecule of water tenaciously. To these can be added the NTA and EDDA 
complexes. Moreover, recent work in this laboratory on the rare earth-hydroxyethy- 
hmmodiacetic acid chelates, and some mixed complexes with HEDTA suggests that 
a co-ordination number larger than six may be quite common among the chelates 
formed by the rare earths. 

Acknowledgement . —This investigation was supported by a PHS research grant RG-8394 
from the Division of General Medical Sciences, Public Health Service and by a research 
grant from the Graduate School of the University of Minnesota. 

(17) A. S. Tompa. Ph.D. dissertation, Fordham University (1961). 

(18) J. L. Hoard, G. S. Smith and M. Lind, in Advances in the Chemistry of the Coordination 
Compounds (Edited by S. Kirschner), p. 296 Macmillan, New York (1961). 
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METAL COMPLEXES OF PYRONES AND THIOPYRONES 
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Abstract—The preparation of metal complexes of 2,6-dimethyl-4-thiopyrone (DMTP) and 
2,6-dimethyl-4-pyrone (DMP) with the general formulas M-’TDMTP^Q* and M' (DMP)jQ x 
is described. Infra-red evidence suggests metal-sulphur (DMTP) and metal-carbonyl 
oxygen (DMP) co-ordinate bonds in these complexes. Some physical properties are tabulated 
and discussed. 

The reaction of thioketones and 4-thiopyrones with metal halides, particularly mercuric 
chloride or bromide, has been known for some time to give adducts which were 
thought to be of the 1:1 type,”* 

R 2 C=S+HgX 2 -(R 2 C-S-HgX) + x- (1) 

Similar 1:1 complexes have been reported for reactions involving pyrones and 
certain Lewis acids. (2) 

The present investigation involves the preparation of DMTP complexes of 
transition and non-transition metal chlorides. Some transition metal chloride 
complexes of DMP have also been prepared. The general reaction is represented by 
the following equation: 

M X C1 X +2DMP or 2DMTP - M X (DMP or DMTP) 2 C1 X (2) 

Methods of preparation, physical properties and some structural evidence for these 
complexes are reported in this paper. 

EXPERIMENTAL 

1. Preparation of compounds 

DMP and DMTP were prepared as described in the literature.* 3 * Complexes were 
prepared by mixing hot solutions of reagent grade metal chloride and excess DMP or 
DMTP. Four different modifications of the general preparative method were used to obtain 
the complexes. Examples of each of these procedures are the following: 

Preparation A —Ag(DMTP) 2 Cl To 1 -6 g of DMTP in 40 ml of hot alcohol was added 
0 845 g (0 005 mole) of AgNCb m 20 ml of water. A white precipitate formed and was 
dissolved by heating on a steam bath, after which 10 ml of cone. HQ was added. The yellow 
crystals which separated on cooling were filtered and dried at 60° in vacuo. 

Preparation B~ Hg(DMTP) 2 Q 2 . To 1 -39 g of HgCh in 20 ml of hot alcohol was 
added 1 5 g of DMTP in hot alcohol A white precipitate formed which turned yellow after 
a few minutes. The yellow product was filtered while hot and dried at 60° in vacuo. 

Preparation C —SbfDMTPhClj. To 1 -4 g of DMTP in 20 ml of chloroform was added 
0-5 g of SbClj in 2 ml chloroform. On heating an orange precipitate formed, was separated, 
recr ystallized from alcohol and dried at 60° in vacuo. 

Preparation D —PtfDMTPhCh. An alcoholic solution of K^PtCU was treated with 
a solution of DMTP (in excess) in absolute alcohol at 20°. The yellow complex formed 
immediately, was filtered, washed with cold absolute alcohol and dried at room temperature 
m vacuo . Upon heating this complex decomposes, and a deep red-brown colour appears. 

(1) A. ScHbNBERG, M. Elkaschef, M. Nosseir and M. M. Sidky, J. Amer. Chem. Soc. 80 
6312 (1958); also references cited therein. 

12 D. Cook, Canad. J. Chem. 39, 1184 (1961). 

" L, c. Kino, F. J. Ozoo and J. Moffat, J. Amer. Chem. Soc. 73, 300 (1951). 
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Analytical data and the physical properties of all the DMP and DMTP metal complexes 
are tabulated in Table 1. 


Table 1.—Analytical data and some physical properties op 
METAL DMP AND DMTP COMPLEXES 



Calc. 

Found 

Colour 

MelUng 

Pt. (°C) 

Prep.* 

At 

Ag (DMTP) 2 C1 

C, 39-85 
H.3-82 

C, 38-82 
H, 3 -71 

Yellow 

205 (d) 

A (94%) 

3 

Cu (DMTP);-Cl 

C, 44-31 

H, 4-22 

C, 43-43 
H, 4-09 

Red 

240(d) 

A (95%) 

3 

Hg (DMTP)iCh 

C, 30-46 
H, 2-92 

C, 30-54 
H, 3 -00 

White 

225 (d) 

B(93%) 


Sb (DMlPJjQj 

C, 33-06 
H.3-17 

C, 33-43 
H.2-96 

Orange 

145- 

150° 

C(50%) 

8 

Bi(DMTP) 2 Cl 3 

C. 28 -21 
H, 2-70 

C, 28-45 
H, 2 61 

Yellow- 

orange 

230 (d) 

A (84%) 

8 

Co (DMTP) 2 C1 2 

C, 41 -00 
H, 3-91 

C, 42-69 
H,3 90 

Green 

238- 

240 

B (90%) 

8 

Fc(DMTP) 2 C1 2 

C, 41 -29 
H.3-92 

C, 41-60 
H, 3 -95 

Purple 

> 300 

A (75%) 

4-5 

Pt (DMTP) 2 Q 2 

Pt, 35-8 

C, 30 7 

Pt, 36-12 
C, 29-06 

Yellow- 

218 (d) 

D (< 40%) 

5 


H, 2 92 

H.2 97 

brown 

250 (d) 

B (91 %) 

0 

Ni (DMTP) 2 C1 2 

Pd (DMTP) 2 C1 2 - 

h 2 o 

C, 40-99 
H.3-93 

C, 35-30 
H.3-78 

C, 40-88 
H.3-84 

C, 35-60 
H, 4-55 

Green 

Yellow- 

brown 

195 (d) 

B (< 40 %) 

0 

Fe (DMP) 2 C1 2 - 
HiO 

C, 42-7 
H.4-57 

C, 42-57 
H.4-46 

Orange 

ISO- 
183 (d) 

B (< 40%) 

20 

Co (DMP) 2 C1 2 

C.44-7 

H, 4-23 

C, 44 44 
H, 4-51 

Blue 

209(d) 

B« 40%) 

4 

Mn (DMP) 2 C1 2 - 

h 2 o 

C, 42 -7 

H, 4-57 

C, 42 -95 
H, 5-24 

Pink 

> 300 

B« 40%) 

0 


* Capital letters refer to method of preparation given in the experimental section 
Yields are in parentheses. 

t Molar conductances in cm 2 mole -1 ohm -1 of the complexes in nitrobenzene solution, 
for the concentration range 1 x 10 -4 to 5 x 10 -4 M and at 25°. 

2. Spectral measurements 

Infra-red spectra were taken of solid samples using the KBr wafer technique with a 
Baird spectrophotometer. The results are given in Table 2. Visible and ultra-violet spectra 
were obtained with a Cary 11 spectrophotometer. 

3. Conductance measurements 

The electrical conductivities of nitrobenzene solutions of the complexes were measured 
at 25® using a Radiometer Model CDM 2C apparatus. Molar conductances are given in 
Table 1. 

DISCUSSION 

In Table 1 are given analytical data supporting the general formulas M*(DMTPh- 
Cl* and M*(DMP)2C1* proposed for the complexes. All attempts to add more than 
two DMTP or DMP molecules per metal ion failed for the metal chlorides The 
complexes are stable for months in air , b ut decompose immediately into free DMTP 
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Tabu 2.—Infra-red spectra op DMP, DMTP and derivatives 


Compound 

Principal absorption maxima (cm - *) 

DMP* 

1680, 1670, 1612, 1600, 1396, 1372, 1342, 1200, 1161, 
1040, 959, 928, 900 

Mn (DMP) 2 C1 2 H 2 0 

1661, 1575, 1563, 1439, 1410, 1333, 1203, 1174, (033, 
962, 910, 871, 886 f , 

Fe (DMP) 2 a 2 H 2 0 

1653, 1563, 1410, 1370, 1333, 1202, 1170, 1036, 957, 
901, 873 

Co (DMP) 2 C1 2 

1649, 1568, 1521, 1445, 1418, 1335, 1204, 1176, 1046, 
962, 914, 899, 848 

DMTP 

1650, 1570, 1446, 1438, 1380, 1281, 1165, 1103, 1038, 
1015, 940, 892, 862 

2,6-dunethyl-4-mercaptopyrylium 

1640, 1635, 1550, 1449, 1290, 1176, 1100, 1042, 1021, 

chloride 

943, 863 

M*(DMTP) 2 CU 

1650, 1560, 1450, 1288, 1175, 1090, 1038, 1010. 940. 
850 


or DMP and hydrated metal ion upon dissolution in water. Other complexing groups 
will also replace DMTP or DMP in the complexes, e.g. 

Co(DMTP) 2 Cl 2 4-2 pyridine ‘ tcct0M , Co(py) 2 Cl 2 -f 2DMTP (1) 

Co(DMTP 2 Cl 2 +2C1 ~(LiCI) tlcetoae CoClJ"+2DMTP (2) 

Both reactions (1) and (2) are very rapid at 25° as judged by qualitative spectral 
observations. 

The infra-red spectra of DMP. DMTP and their complexes are given in Table 2. 
The existence of a metal to carbonyl oxygen bond in metal DMP complexes has 
already been established. < 2 > The carbonyl stretching frequency is assigned at 1612 
cm -1 in Nujol for DMP: this band is shifted to lower frequencies as expected for the 
complexes. 

There is a band at 1570 cm - > m the spectrum of DMTP which also shifts to lower 
frequencies for the metal complexes and for 2, 6-dimethyl -4-methylmercaptopyryhum 
chloride. This band is tentatively assigned as due to the thiocarbonyl stretching 
vibration. In addition, it is significant that the bands at 1380 and 892 cm -1 in the 
spectrum of DMTP are not present in the spectra of the metal DMTP complexes and 
2, 6-dimethyl -4-methylmercaptopyrylium chloride. These comparisons are convincing 
evidence for a metal to sulphur bond in the metal DMTP complexes. 

In nitrobenzene all the complexes are essentially non-electrolytes as judged by the 
small A values listed in Table 1. Thus the chlorides are complexed in these compounds. 
The absorption spectrum of the Co{DMP) 2 Cl 2 complex in nitromethane has 
maxima at 660 mp (e = 490) and 578 m/r (e = 347); the Co(DMTP) 2 Cl 2 complex 
has absorption maxima at 675 m/r (e = 545) and at 635 m/i (e — 755). Since all 
tetrahedral Co(ll) complexes thus far examined spectroscopically have an absorption 
band in the 600-800 m#t region with anein the 400-1600 range <4) theDMPandDMTP 
complexes of Co(II) are probably pseudo-tetrahedral. 

* Taken from Reference (2). 

t This is the spectrum of Pt(DMTP)jCl 2 . The other DMTP metal complexes have 
almost identical infra-red spectra. 

4) P. A. Cotton, D. M. L. Goodgame and M. Goodgame, J. Amer. Chem. Soc. 83. 4690 

(1761); also references cited therein. 
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The DMP and DMTP complexes of Fe(II) exhibit strong charge transfer bands 
in the visible and near ultra-violet regions. The absorption maximum for a solution of 
FefDMP^Cl*.H 2 O in nitromethane is located at 375 m n (e == 3100); the maxima for 
Fe(DMTP) 2 Cl 2 are at 375 m/i (e = 5500) and 515 m/j (e = 2300). There appear to be 
no weak bands (inner d-d transitions) in the visible region for either complex. Thus 
these complexes are spectrally similar to the known tetrahedral FeClJ - <5> and it is 
reasonable to suggest that Fe(DMP) 2 Cl 2 and Fe(DMTP) 2 Cl 2 are pseudo-tetrahedral 
in nitromethane solution. 

The Pt(DMTP) 2 G 2 and Pd(DMTP) 2 Cl 2 complexes are non-electrolytes in 
nitrobenzene, and presumably have square planar structures. Aside from this and 
the above observations, at present nothing further can be said with any degree of 
certainty about the structures of the DMP and DMTP complexes. 


(3) N. S. Gill, J. Chem. Soc. 3512 (1961). 
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THE STABILITY OF SOME METAL COMPLEXES 
INCORPORATING OXYGEN OR SULPHUR AS 

DONOR ATOMS / 1 , 

K. Suzuki and K. Yamasaki 

Chemical Institute, Faculty of Science, Nagoya University, Nagoya, Japan 

( Received 24 August 1961; in revised form 15 October 1961) 

Abstract—The stability constants of some bivalent metal complexes were determined which 
contained ligands incorporating oxygen or sulphur as donor atoms. The strength of the 
metal-sulphur bond was compared with that of the metal-oxygen bond. The five nrwmk 
studied here were classified into two groups 

(1) larger affinity towards O than S: Zn, Cd, Pb 

(2) larger affinity towards S than O: Cu, Ni. 

The relative strength of the metal-sulphur bond seems to decrease in the following order: 

Cu > Ni > Pb, Cd > Zn. 

One of the important problems in co-ordination chemistry may be the strength of 
metal-donor bonds. Many authors contributed to this problem from the various 
points of view. In 1958, Ahrland et a/. (1) classified various acceptors and discussed 
the relative affinity of donor atoms. According to them, there are two types of 
acceptors: 

(a) those which form the most stable complexes with the first elements of each 
group in the periodic table, i.e. N, O and F 

(b) those which form the most stable complexes with the second or subsequent 
elements of each group in the periodic table. 

Most metals belong to the class (a) and the relative bond strength of their 
complexes is what would be expected if the complex formation is essentially electro¬ 
static. On the other hand, the strongest acceptors belonging to the class (b) are the 
elements which form the stable olefine complexes, viz. Cu(I), Rh(I), Pd(II), Ag(I), 
Pt(II) and Hg(II) (2) and it is pointed out that the class (b) character of a metal appears 
to depend on the availability of electrons from the lower d-orbitals of the metal ion 
to form a dative 7i-bonding. l3) In addition to these two classes, there are borderline 
elements which can show both characters. Since their character depends on the donor 
groups, it may be interesting to study the stability of the complexes of borderline 
elements and infer the factors which influence the strength of metal-donor bonds. 

(1) S. Ahrland, J. Chatt and N. R. Davies, Quart. Rev. 12,265 (1958); See also H. M. N. H. 
Irving, International Conference on Co-ordination Chemistry, Chem. Soc. Spec. Publ. 
No. 13, p. 13 (1959). 

,2) I- Leden and J. Chatt, J. Chem. Soc. 2936 (1955). 

(3) J. Chatt, Nature, Land. 165, 637 (1950); D. P. Craig, A. Maccoll, R. S. Nyholm, 
L E. Oroel and L. E. Sutton, /. Chem. Soc. 332 (1954); H. H. Jaffe, J, Phys. Chem. 
58, 185 (1954). 
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From this point of view, we intended to determine the stability constants of some 
metal complexes formed with ligands containing oxygen or sulphur as a donor and to 
compare their affinity towards bivalent metals. As metals copper, nickel, zinc 
cadmium and lead were chosen, since the different affinity of sulphur and oxygen 
to these metals which are classified into separate groups are expected. As the ligands 
the following compounds were used. 


Structure 


1. 

2 . 

3. 

4. 

5. 


^o-ch 2 cooh 





r\ 



s-ch 2 cooh 

COOH 

/ 

-o-ch 2 cooh 





COOH 

/ 

-S-CH 2 COOH 


/S ch 2 cooh 


,ch 2 

'ch 2 

\s-ch 2 cooh 


Name 

Phenoxyacetic acid 
Phenylthioacetic acid 

a-Carboxy-o-anisic acid 

o-(Carboxymethylthio)benzoic acid 

(Ethylenedithio)diacetic acid 


These pairs of compounds have analogous structures with oxygen and sulphur 
as donor atoms. Unfortunately ethylenediglycolic acid which is a partner to 
(ethylenedithio)diacetic acid was not obtained in a pure state and the stability constants 
of its complexes could not be determined. 

EXPERIMENTAL 

Materials. Phenoxyacetic acid commercially obtained was recrystallized twice from 
water. Phenylthioacetic acid was prepared from thiphenol and monochloroacetic acid (4) 
a-Carboxy-o-anisic acid was made by the method of Meyer and Duczmal.o) ^-(Carboxy- 
methylthio)benzoic acid was made by the method of Friedlander. <6! (Ethyleneditluo)diacetic 
add was specially prepared by the Katayama Chemical Co. Osaka. The melting points of 
all these substances were m good agreement with those reported in the literature Metal 
perchlorate solutions were prepared from respective metal salt or oxide and perchloric acid 
and the concentrations were determined by chelatometric titration. 

Procedure. The solutions containing metal perchlorate and ligand were prepared, the 
volume being 50 ml in all cases, and they were titrated with standard NaOH or HCICL 
at 25° C. The ionic strength of the solution was kept at 01 by adding NaCIO*. The volume 
change accompanying with titration was neglected since added volume of NaOH or HCICL 

L. Vanino, Handbuch der praparativen Chemie, Band II, p. 616. Ferdinand Enke Verlag, 
Stuttgart (1937). 

< } > R. Meyer and C. Duczmal, Ber. Dtsch. Chem. Ges. 46, 3366 (1913). 

<*> P. Friedlander, Liebigs Ann. 351,40^(1907). 



Tha stability of some metal complexe&iiKorporating oxygen or sulphur as donor atoms 1095 

} 

was 0-15 ml or less. The pH of the solution was measured by using a Horiba Model P pH 
meter which was standardized against the standard buffer. The hydrogen ion concentration 
was calculated from pH values by assuming 0-83 for the activity coefficient of hydrogen ion 
according to Kielland.< 7 > The concentrations of ligand and metal solutions used were 
shown in Table 1 in mole/1. The pH range measured is 2-5-4-5. 


Table 1. 



Ligand 

Cu 

Ni 

Zn 

Cd 

Pb' 

1 

0-01198-0-01498 

0 00829 

0-01520 

0 00910 

0-01036 

0-00856 

2 

0-01198 

0-00829 

0-01147 

0 00911 

001036 

0-00171 

3 

0-00100-0 00199 

0-00165 

0-00304 

0-00182 

0 00207 

0-00341 

4 

0-00100-0 00396 

0-00165 

0-00304 

0-00364 

0-00412 

0 00171 

5 

0-00165-0-00199 

0-00165 

0 00154 

0 00182 

0-00206 

0 00171 


1: Phenoxyacetic acid 4: o-(Carboxymethylthio)benzoic acid 

2 • Phenylthioacetic acid 5: (Ethylenedithio)diacetic acid 

3: a-Carboxy-o-anisic acid 


RESULTS 

Since phenoxyacetic and phenylthioacetic acids are monobasic acids, their acid 
dissociation constants were calculated by the algebraic method. For other three 
dibasic acids the difference of the first and second acid dissociation constants, K L and 
K 2 , was too small to allow the separate calculation of them. Therefore, the following 
equation* 8 ) (1) was used and * 2 values were determined graphically, 

"h * . 1 (2- « h )[H] 

(1-*h)[H]“k 2 K,K 2 1- h H w 


Ki 


[AH][Hj 

[AH 2 ] 


and K 2 


[A][H] 

[AH] 


where n H denotes the average number of hydrogen ion bound to a ligand anion and 
it corresponds to the Bjerrum’s< 9) formation function in complex formation. 
[AHJ represents concentration of a dibasic acid in mole per litre, A being the ligand 
anion. The charge of each species is omitted in formulae for the sake of simplicity. 
These data are shown in Tables 2 and 3 and Fig. 1. 


Table 2.—p* of o-(carboxymethylthio)benzoic acid 



(2-hhXH] 


% 

(2-«h)[H] 

1 

*i 

(1-«h)[H] 



(I-«h)[H] 

1-«H 

*1*2 


(x 10-*) 

( x 10~ 4 ) 


( X 103) 

(xl0-3) 

( x 10*) 

I 

o 

?—< 

X 

1 67 

9-32 


-4-06 

-1-56 

9-21 

M2 

1-54 

6-80 


—3-41 

-1 54 

8-90 

1-16 

1-39 

1-31 

5-23 

4-04 

1. =1-03x10“ 

Kz 

-2-96 

-2-52 

IA OO 

1 1 

9-13 

8-70 

1-13 

1-18 

1 -21 

3-22 

Ki =9-72xl0- 8 

—219 

-1-48 

8 44 

1-22 

1-20 

2-43 


-1-92 

-1-44 

8-50 

1-21 


*i=l-18xl0~» 


(7) J. Kielland, J. Amer. Chem. Soc. 59, 1675 (1937). 

181 H Irving and H. S. Rossom, J. Chem. Soc. 3397 (1953); F. J. C. Rossom and H. S. 
Rossorn, Acta Chem. Scattd. 9, 1166 (1955). 

,9) J. Bjerrum, Metal Ammine Formation in Aqueous Solution. P. Haase, Copenhagen (1941). 
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Table 3 .—pK of (ethylenedithio)diacetic acid 



(2-n«XH] 


hh 

(2-whXH] 

1 

Ky 

(1-nHXH] 

1-rtH 


(MhXH] 

1-ffH 

KyKi 


(xl0“) 

( x 10-“) 


( X 103) 

(xl0-“) 

(xlO?) 

(x 10-4) 

2-46 

8-80 


-3 03 

-8-42 

1-84 

6-79 

1-88 

5-04 


-3-74 

-9-68 

1-67 

7-49 

1*60 

1-48 

316 

1-96 

-i-=1-25x10“ 

A2 

-4-78 

—6-33 

-9-87 

-10-54 

1-75 

1-79 

7-14 

6-98 

1-43 

1 -18 

*2=8 00x10-5 

-8-78 

-11-66 

1-83 

6-83 




-13-15 

— 13 75 

1 -87 

6-68 





Ky =6 99 x 1C 

1-4 




Fig. 1.—p K of (ethylenedithio)djacctic and o-(carboxymethylthio)benzoic acids 
1: (ethylenedithio)diacetic acid 
2: o-(carboxymethylthio)bcnzoic acid. 


The formation curves are shown in Fig. 2. Except those complexes shown in 
Fig. 2, that is, the copper complexes of o-(carboxymethylthio)benzoic and 
a-carboxy-o-anisic acids and all complexes formed with (ethylenedithio)diacetic add, 
n values which are suffident enough to draw the formation curves were not available 
due to the low stability of complexes. For most of the complexes except the 
(ethylenedithio)diacetate complex of copper, the ratio of added ligand to the metal 
ion was kept at 0*3—1 -3 and the stability constants were calculated algebraically 
using ft values less than 0-5. For phenylthioacetic and phenoxyacetic adds a rather 
high ratio of ligand to metal was used, but n values obtained for these ligand-metal 
systems were below 0-2 owing to their low stability. Under these conditions it may 
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be reasonable to assume that the predominant species is the 1:1 complex mid no 1:2 
species is formed. Therefore the following equations for calculating stability constants 
were used, 


C H = [H]+[AH]+2[AH2]t-[OH]* 

(2) 

C A = [MA]-t-[A]+[AH]+[AH 2 ]t , 

» (3) 

1 

C M = [M]+[MA] 

(4) 


where C H , C x and C M represent total ionizable hydrogen ion, total ligand and total 
metal ion concentrations respectively. [M] and [MA] stand for concentrations of 
free metal ion and the 1:1 complex. The copper complex formed with 



Fta. 2.—Formation curves 

Curves (1) ~ (5): (ethylenedithio)diacetic acid complexes. 

(1): Cu, (2): Ni, (3): Pb, (4): Cd, (5): Zn 

Curve (6), the copper complex of a-carboxy-o-amsic acid 

Curve (7), the copper complex of o-(carboxymethylthio)benzoic acid. 

(ethylenedithio)diacetic acid is very stable and shows the n value of 0-84 at pH as 
low as 2-5. As clearly shown in the formation curve, however, only the formation 
of the l;l complex is expected under the conditions studied here. Therefore, its 
stability constant was calculated using the same equations (2), (3) and (4). 

As the examples of the titration data, those of the copper-o(carboxymethylthio)- 
benzoic acid and the nickel-(ethylenedithio)diacetic acid systems are given in Tables 
4 and 5. 

The stability and the acid dissociation constants obtained are summarized in 
Table 6. 

* The concentration of OH is negligible in the pH range 2-5-4-5. 
t For monobasic acids AH 2 is omitted. 
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Table 4.—Titration data of the c»pper-o-(carboxymethylthio)benzoic acid 

SYSTEM 


pH 

Cqi 

Cj, 

Qa 

n 

pA 

log k 

3-66 

0-00165 

000396 

0-00318 

0-44 

311 

3 02 

372 


»i 

000295 

0-47 


3-02 

378 

ii 

»i 

000272 


3-03 

3-03 

3-85 



0-00250 

0-52 

2-99 

3-02 

3-92 



0-00227 

0-54 

2-94 

3-01 

3-99 

»» 

tt 

0-00205 

0-57 


3-03 

3-69 


0-00198 

0-00159 

0-28 

3-43 

3-01 

3-80 



0-00136 


3-35 

2-98 

3-92 



0-00114 

0-34 

3 27 

2-97 

405 

ft 

ft 

0-00091 

0-37 


2-97 

4-23 

ft 

M 

0-00068 

0-39 

3-12 

2-94 


Table 5.—Titration data of the nickel—(ethylenedithio)diacetic acid system 


pH 

Cni 


Ch 

fi 

PA 

log/: 

2-85 

0-00154 

0-00199 

0-00399 

0 41 

4-74 

4-58 

2-90 



0-00376 

0-42 

4-66 

4-53 

2-94 



0-00354 

0-44 


4-49 

2-98 


fj 

0-00331 

046 

4 53 

4-45 

3 03 



0-00309 

0-48 

4-48 

4-45 

3-07 

ft 

»» 

0-00286 

0-52 

4-42 

4-45 

3-12 

>> 

ft 

0-00263 

0-55 

4-37 

4-45 


Table 6. 


Ligand* 

P K 



log A:t 




pKi 

P*2 

Cu 

Ni 

Zn 

Cd 

Pb 

1 

2-93 


1-3 

~ 0-3 

~ 0-5 

1-0 

1-4 

2 

3-37 


1-5 

~ 07 

~ 0-8 

1-2 

1-8 

3 

2-51 

4-36 

3-1 

2-0 

2-6j 

2-0 

~ 2-61 

4 

2-93 

4-01 

3-0 

1-9 

1-8 

2-0 

~ 2-5 J 

5 

3-16 

4-10 

6-0 

4-5 

27 

2-8 

3-8 


♦ 1: Phenoxyacetic acid 
2: Phenyl thi oacetic acid 
3: a-Carboxy-o-anisic acid 
4: o-(Carboxymethylthio)benzoic add 
5: (Ethylenedithio)diacetic add 

t The stability constant of the 1:1 complex is defined as follows: 

[MA] 

[MIA] 

t Less accurate owing to precipitation^ 
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I 

For the copper complexes of ar-carboxy-o-anisic and o-^carboxymethylthio)benioic 
adds and all the complexes formed with (ethylenedithio)diacetic acid, the stability 
constants were also obtained from the formation curve (ft — 1/2), and these values 
were in good agreement with those given in Table 6. 


DISCUSSION 

i 

1. Acid dissociation constants 


Phenylthioacetic and phenoxyacetic acids have only ionizable hydrogen atoms 
in the —CH 2 COOH groups and by comparing p K values of these two acids with 
those of a-carboxy-o-anisic and o-(carboxymethylthio)benzoic acids, it can be readily 
understood that the latter two adds dissociate in the following way: 



\ / 


COOH 

/ 

-A-CH 2 COOH 


COOH 

{^^-a-ch 2 coq-+h + 



\ / 


COOH 

/ 

-A-CHjCOO- 


coo- 

/ 


-A-CH 2 COO-+H + 


where A represents either oxygen or sulphur. 


2. Stability constants 

a. Phenoxyacetic and phenylthioacetic acids 

The stability of metal complexes formed with ligands, phenoxyacetic and phenyl- 
thioacetic acids, decrease in the following order: 

Pb > Cu > Cd > Zn > Ni. 

This order is the same as shown by the carboxylic acids which form seven-membered 
or larger chelate rings.* 101 If phenoxyacetic and phenylthioacetic acids act as bidentate 
ligands, that is, O or S partidpates in co-ordination, the formed complexes have five 
membered chelate rings and thus a different stability order from that mentioned 
above is expected. Therefore, sulphur and oxygen of these two ligands arc perhaps 
not involved in co-ordination and these hgands are acting as the monodentate.* 

For all the metals studied here the stability is larger for complexes of phenylthio¬ 
acetic acid than for those of phenoxyacetic acid, but it may not be possible to attribute 
this order directly to the different affinity of O and S towards metals since these two 
hgands have different p K values which affect considerably the stability of the complex 
formed. 12 ) 

• The copper complexes of phenylthioacetic and o-(carboxymethylthio)benzolc acids 
are green, while complexes of other ligands are blue. The spectrophotometric study of 
these complexes and the relationship between colour and structure of complexes will be 
published elsewhere. 

Uo) M. Yasuda, K. Yamasaki and H. Ohtakj, Bull. Chem. Soc. Japan 33, 1067 (1960). 

Ul> M. Yasuda, K. Suzuki and K. Yamasaki, /. Phys. Chem. 61,229 (1957). 

U2) H. Irving and H. Rossom, Acta Chem. Scand. 10,72 (1956). 
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b. a-Carboxy-o-anisk and o-(carboxymethylth io)benzoic acids 

' 1 These two acids have similar acid dissociation constants, but the stability order 
for Zn complexes is: 

a-carboxy-o-anisic acid > o-(carboxymethylthio)benzoic acid 
This order is in agreement with the classification' 1 * of Ahrland et al. that zinc shows 
a larger affinity to oxygen than to sulphur. Usually the oxygen atom in ether bonding 
has a very weak co-ordinating power. If, however, the oxygen of ether-bonding is a 
part of the ligand which has other stronger co-ordinating groups, its co-ordinating 
power will be enhanced.< 13 > Therefore, in the Zn complex it will be possible that 
a-carboxy-o-anisic acid acts as a tridentate ligand with one oxygen atom and two 
carboxylic groups in co-ordination and the stability difference may indicate that the 
affinity of oxygen to zinc is larger than that of sulphur. 

For other metals, the stability constants of complexes formed with a-carboxy- 
o-anisic and o-(carboxymethylthio)benzoic acids are nearly the same. This result is 
different from the complexes of diglycolic and thiodiglycolic acids,' 10 * 14) for which 
a rather large difference exists in the stability. 


Table 7. 


Ligand 

pKi +p K 2 

Cu 

Ni 

Zn 

Cd 

Pb 

a-Carboxy-o-amsic acid 

6-87 

31 

2-0 

2-6 3 

2-0 

~ 2-6 

o-(Carboxymethylthio)- 
benzoic acid 

6-94 

3-0 

1-9 

1-8 

2-0 

~ 2-5 

Diglycolic acid' 101 

6 69 

3-9 

2-6 

3 6 

3-3 

4-4 

Thiodiglycolic acid< 10) 

7-28 

4-3 

4-0 

2-9 

2-6 

3-6 


For all metals studied the stability constants of the complexes formed with 
a-carboxy-o-anisic and o-(carboxymethylthio)benzoic acids are small compared with 
those of diglycolic and thiodiglycolic acid complexes. There may be two factors 
responsible for these results. The first one is that a-carboxy-o-anisic and 
o-(carboxymethylthio)benzoic acid complexes have one five and one six membered 
rings, when O or S atom co-ordinates to metal, while diglycolic and thiodiglycolic 
add complexes have two five membered chelate rings. The second one is the 
structural restriction that benzene ring makes a part of the chelate ring. Probably 
both factors may affect the stability in addition to the fact that thiodiglycolic acid has 
a little larger p K value than other three acids. 

c. ( Ethylenedithio)diacetic acid 

As ethylenediglycolic acid which is the partner to (ethylenedithio)diacetic acid 
containing oxygen instead of sulphur, was not obtained in a pure state and the 
stability of its complexes could not be determined, the stabihty of the complexes was 
compared with those of diglycolic and thiodiglycolic acid complexes. If it is assumed 
that the bonds between carboxylate and metal ions have nearly equal strength in 
these complexes, the comparison of the stability will give some information about 
the relative affinity of Sulphur and oxygen to the same metal, although the pK value 
of diglycolic acid is a little smaller than those of other two ligands. 

G. SCHWARZENBACH, Angew. Chem. 70, 451 (1958). 

<M» R. M. Tichane and W. E. Bennett, J. Aijgr. Chem. Soc. 79, 1293 (1957). 
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As is dear from Table 8, the metals studied are divided into three groups by the 
values of their stability constants. 


Table 8. 


Ligand 

pAj +pX2 

Cu 

Ni 

Zn 

Cd 

Pb 

(Ethylenedithk>)diacetic 

add 

7-26 

6 0 

4-5 ' 

2-7 

2-8 

3* 

Diglycolic acid 

6-69 

3-9 

2-6 

3-6 

3-3 

4-4 

Thiodiglycolic acid 

7-28 

4-3 

4-0 

2-9 

2-6 

3-6 


(i) Copper and nickel. Of the three ligands, diglycolic, thiodiglycolic and 
(ethylenedithio)diacetic acids, these two metals form the most stable complexes with 
the last one. As reported previously! 12 * the stability decreases with the increased 
size of chelate ring. If sulphur atom docs not co-ordinate to the metal, the chelate 
ring formed is a twelve membered ring and the stability will be reduced greatly. The 
copper complex is stabilized by 1 -7 in log k unit than the complex of thiodiglycolic 
acid. Therefore this large stability may indicate the quadridentate character of this 
ligand with two sulphur atoms in co-ordination. The formation curve of this complex 
(Fig. 2) shows that « values have a nearly constant value of one over a considerably 
wide pA range. This fact also supports the quadridentate nature of the complex. 
In 1959 Saini and Ostacoli< is > reported the values of acid dissociation of this ligand 
and stability of the copper complex to be pAi = 3-14, p K 2 — 4-18 and log k = 6-2 
at 20°C and the ionic strength of 01 and they confirmed by the spectrophotometric- 
titration that this ligand formed only the 1:1 complex with copper. Their results are 
in good agreement with our data. 

In the nickel complexes of (ethylenedithio)diacetic and thiodiglycolic acids, the 
difference of their stability constants is 0-5 and smaller than that for copper complexes. 
This may indicate that the affinity of sulphur to nickel is smaller than that to copper. 

The stability constants of copper and nickel complexes formed with thiodiglycolic 
and (ethylenedithio)diacetic acids are larger than those of diglycolic acid complexes 
of the respective metals. This fact may suggest thatCu-S and Ni-S bonds are stronger 
than Cu-O and Ni-O bonds. McIntyre el a/. (16 > and Lotz el alS xl) studied the 
stability of copper complexes formed with various diamines containing sulphur or 
oxygen and reported that the Cu-S bond strength was about 2 kcal/mole, while 
oxygen did not form the bond of measurable strength with copper. Recently Sandell 118 * 
reported the stability constants of copper complexes of ethoxyacetic and (ethylthio)- 
acetic acids. His results also showed that the Cu-S bond is stronger than the Cu-O 
bond. These results agree with ours. 

(ii) Cadmium and lead. The (ethylenedithio)diacetate complexes of cadmium and 
lead are slightly more stable than the thiodiglycolate complexes of the respective 
metals (only 0-2 in log k ), but less stable than the diglycolate complexes. These results 

<I31 G. Saini and G. Ostacoli, International Conference on Co-ordination Chemistry, p. 142. 

Chem, Soc. Spec. Publ. No. 13 (1959). 

<l6) G. H. McIntyre, Jr., B. P. Block and W. C. Fernelius, J. Amer. Chem. Soc. 81, 529 

(1959). 

1171 J- R. Lotz, B, P. Block and W. C. Fernelius, J. Phys. Chem. 63, 541 (1959). 

1181 A. Sandbll, Acta Chem. Scand. 15,190 (1961). 
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may indicate that the M-O bond is stronger than the M-S bond in these two metals. 
Since Ag(I) forms a stronger bond with sulphur than oxygen and Cd(II) is isoekctronic 
with Ag(I), it is expected that Cd(II) forms a stronger bond with sulphur than oxygen. 
The stability constants of Cd(II) complexes, however, appear to indicate the opposite 
tendency as shown above. Schwarzenbach et studied the Cd(II) complexes 
formed with the following ligands; 

/CH 2 CH 2 N(CH 2 COOH) 2 /XCH 2 CH 2 N(CH 2 COOH) 2 

X (CH2) 2 

\CH 2 CH 2 N(CH 2 COOH) 2 \XCH 2 CH 2 N(CH 2 COOH) 2 

where X is O or S. Their data also showed that Cd(II) had a larger affinity to oxygen 
than to sulphur. This may be due to the higher charge of Cd(II) compared with 
Ag(I) as already pointed out by Ahrland et al 

In the complexes of diglycolic and thiodiglycolic acids, lead forms a more stable 
complex with the former than the latter. The same tendency has been reported for the 
lead complexes of H 3 COCH 2 CH 2 N(CH 2 COOH) 2 and H 3 CSCH 2 CH 2 N(CH 2 COOH) 2 
by Schwarzenbach et alS m 

(iii) Zinc. Among the (ethylenedithio)diacetate complexes of five metals studied, 
the stability of zinc complex is the smallest. Its stability constant is also smaller than 
those of thiodiglycolic and diglycolic add complexes of the same metal (Table 8) 
This result is the same as that of a-carboxy-o-anisic and o-(carboxymethylthio)benzoic 
add complexes and shows also that the affinity of sulphur to zinc may be smaller 
than that of oxygen. 

From all the results obtained above, the five metals studied are divided into two 
classes. 

(1) Larger affinity towards O than S: Zn, Cd, Pb 

(2) larger affinity towards S than O: Cu, Ni. 

The relative affinity of sulphur to metal seems to be: 

Cu > Ni > Pb, Cd > Zn 

for the ligands containing neutral sulphur. This order is of course different from that 
for charged sulphur. For the latter, Leussino^ and Fernando et a/.G3> reported 
the following orders: 

Zn > Ni > Co > Fe > Mn 

for HSCH 2 COOH and: 

Zn > Ni 

for HSCH 2 CH 2 COOH respectively. Schwarzenbach et alS 2x) obtained the following 
order: 

Pb > Cd > Zn > Ni > Fe > Mn 

for HSCH 2 CH 2 N(CH 2 COOH) 2 . Further, Cheny et alS 2 *> reported the following order: 

Pb > Zn > Co > Ni 
for the complexes of 6-mercaptopurine. 

<*9) G. Schwarzenbach, H. Senn and G. Andereoo, Helv. Chim. Acta 40, 1886 (1957) 

S. Ahrland, J. Chatt, N. R. Davies and A. A. Williams, /. Chem. Soc. 1403 (1958) 
< 21 ' G. Schwarzenbach, G. Andereoo, W. Schneider and H, Senn, Helv, Chim. Acta 38, 
1147(1955). 

«« D. L. Leussino, J. Amer. Chem. Soc. 80, 4180 (1958). 

<»> Q. FErnando and H. Freiser, J. Amer. Chem. Soc. 80,4928 (1958). 

(«) G. E. Cheny, H. Freiser and Q. Fernando, J. Amer. Chem. Soc. 81, 2611 (1959). 
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One of the interesting points in these results is the order of nickel and zinc. For 
charged sulphur zinc appears to have a larger affinity than nickel, while the order is 
reversed for neutral sulphur. As pointed out by Williams, (25 > these two orders— 
Mi > Zn for neutral sulphur and Zn > Ni for charged sulphur—seems to be general, 
at least, in the 1:1 complexes formed with the ligand which contains neutral or 
charged sulphur. According to Leussing <2<5 > the Ni-S bond appears to be predominantly 
sigma in the nickel complex formed with HSCH 2 CH(SH)CH 2 OH. Therefore, if* the 
affinity of sulphur or oxygen to a metal depends on the formation of a dative 
7 i-bonding, (1) the reversal of the stability order of zinc and nickel may suggest a 
different kind of bonding between the metal and neutral sulphur, although nothing 
definite is known yet. 

(25) R. J. P. Williams, Annual Reports on the Progress of Chemistry 56, 87 (1959). 

(W> D. L. Leussing, J. Amer. Chem. Soc. 81, 4208 (1959). 
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tetrahydrofuran complexes of transition 

METAL CHLORIDES 

R. J. Kern ' 

Monsanto Chemical Company, St. Louis 66 , Missouri 

( Received 14 February 1962; in revised form 16 March 1962) 

Abstract —Tetrahydrofuran complexes of TiClj, VCh, VOCI 2 , CrCh, CrCh, MnCl z> FeCh, 
C 0 CI 2 , N 1 CI 2 , CuCl 2 and ZnCb were isolated and their compositions determined. In 
general the anhydrous metal chlorides complexed easily. Ferric chloride cleaved the ring 
predominantly and CrClj required a zinc catalyst to react. Nickelous chloride would not 
react directly at all but a tetrahydrofuranate was prepared via a ligand exchange reaction. 
Titanium tris-tetrahydrofuran trichloride disproportionates readily several hundred degrees 
lower than TiClj by itself 

Recent advances in polymerization catalysis have employed transition metal com¬ 
plexes to obtain a truly remarkable array of new polymers. The combinations of 
monomers which may be copolymerized, their distribution in the polymeric chain 
and polymer stereospecificity are among the properties strongly influenced by the 
exact nature of these co-ordination catalysts. One not engaged in polymerization 
chemistry can hardly appreciate the number of property-determining structural 
variables in macro-molecules which are affected by the catalyst. Evidence, much of 
it unpublished, accumulates that the control over structural variables exerted by a 
co-ordination catalyst is related to a delicate balance between transition metal, 
vinyl group and complexing group. 

Complexes of transition metals with a wide variety of ketones, esters, amines, 
sulphoxides and the like have been described.* 1 - 2 > Quite naturally the more polar 
organic ligands have been studied in most detail since they form more stable complexes. 
However, in the design of polymerization catalysts weaker complexing agents are 
also of interest. For this reason complexes of ethers, a less polar type of ligand, were 
examined. This communication describes the isolation and composition of tetra¬ 
hydrofuran complexes along with some of their properties. 

Preparation 

Tetrahydrofuranates of metal chlorides appreciably soluble in hot tetrahydrofuran 
(T 1 CI 4 ,™ VC1 3 , (4 ' ZnCl 2 ) were prepared simply by dissolving the metal halide and 
allowing crystallization to occur. 

Many metal chlondes were only sparingly soluble in tetrahydrofuran (TiClj ,* 51 
CrCl 2 , FeCl 2 , CoCl 2 and CuCl 2 ). Their complexes were concentrated by extraction 

(l) F C Bailar, Chemistry of Co-ordination Compounds. Reinhold, New York (1956). 

1:1 F Feigl, Chemistry of Specific, Selective and Sensitive Reactions. Academic Press, New 
York (1949) 

,V| P- Hamilton, R. McBeth, W. Bekebrede and H. Sbler, J. Artier. Chem. Sot. 75, 2881 
(1953). 

E. Kurras, Naturewissenshaften, 46, 171 (1959). 

5) G, Pregaoua, G. Mazzanti and D. Morero, Ann. chim. (Rome), 49, 1784 (1959). 
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in a Soxhlet apparatus. CrCl 3 is completely insoluble in tetrahydroftiran. As found 
by Her wig and Zeiss we confirmed that in the presence of zinc it readily forms 
a soluble tetrahydrofuranate. 

Nickel chloride did not react with pure tetrahydrofuran either in the presence or 
absence of zinc. A NiCIr-tetrahydrofuran complex, NiCl 2 . 2 THF may be prepared, 
however, by displacement of nitrile from a nickel chloride-acetonitrile complex. The 
latter may be prepared directly from NiCl 2 . (7) 

Manganous chloride is unique among the chlorides in this series. Neither it nor 
its complex is soluble in tetrahydrofuran. The cyclic ether appears to react directly 
with solid MnCl 2 without an intermediate dissolution-crystallization process. 

Ring-opening of tetrahydrofuran by FeCl 3 was extensive. This reaction could 
not be inhibited and no tetrahydrofuranate could be isolated. No reaction between 
VC1 2 and tetrahydrofuran could be induced. The complex VOCV2THF was prepared 
by the air oxidation of VC1 3 -3THF in the presence of moisture (equation 1). 

4Va 3 -3THF+0 2 +2H 2 0 -+ 4V0CI 2 2THF+4HC1+4THF ( 1 ) 

Compositions of all tetrahydrofuranates prepared are presented in Table 1 . 

Properties 

The only practical solvent for tetrahydrofuranates is tetrahydrofuran itself 
When dissolved in other solvents, the solvent molecules exchange for tetrahydrofuran 
in the co-ordination sphere. Thus, these tetrahydrofuranates may not be recrystalhzed 
from alcohols, ketones, esters and the like. Because of their pronounced tendency 
to hydrate the tetrahydrofuranates must be prepared and stored out of contact with 
the atmosphere. The tetrahydrofuranates are insoluble in aromatic and aliphatic 
hydrocarbons except that the zinc chloride derivative is somewhat soluble in benzene. 

Weight losses at temperatures up to 250° were determined for the tetrahydro¬ 
furanates of T 1 CI 3 , VCI 3 , CrCl 3 , and ZnCl 2 . Stability (resistance toward losing the 
first two organic ligands) decreases in the order Cr 3+ , V 3+ , Ti 3+ , Zn 2+ . Over the 
range 75-150°, the tetrahydrofuranates of Ti 3+ , V 3+ , and Cr 3+ lose two organic 
groups recoverable as pure tetrahydrofuran. In the range 150-250 C the third 
organic group is lost. Four additional minor unidentified components were observed 
via gas chromatography in volatiles condensed over this 150-250°C range. 

Disproportionation of TiCIj’STHF proceeds markedly after two groups are lost. 
Bright-yellow TiCl 4 -2THF sublimes from the 

25-100°C 150-200°C 

TiClj-3THF-► T 1 CI 3 THF-► TiClv2THF4-TiCl 2 

pyrolysis tube above 150°. It is noteworthy that complexed TiCl 3 disproportionates 
at an appreciable rate several hundred degrees lower than does uncomplexed T 1 CI 3 (SI 
Analyses showed the non-volatile solids r emainin g from these pyrolyses to be the 
original metal chloride in each instance except with the TiCI 3 complex. 

The 909 and 1069 cm -1 bonds in tetrahydrofuran, presumably associated with 
the C-O-C group,< 9) shift to lower frequencies in the complexes (see Table 2). This 
is evidence that co-ordination occurs through the oxygen atom. 

M W. Herwio and H. Zeiss, J. Org. Chem. 23,1404 (1958). 

(7 > R. J. Kern, J. Inorg. Nucl. Chem. In press. 

G. B. Skinner and R. A. Ruehrwein, J . Phys. Chem. 59, 113 (1955). 

<9> L. J. Bellamy, The Infra-red Spectra of Complex Molecules (2nd Ed.), p. 119. J Wiley, 
New York (1958). — 
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Fig. i shows that the shift per unit positive oxidation state of the metal goes 
tnrough a minimum at MnCl 2 . 



Fig. 1. — Frequency shift of 909 cm -1 bond in THF complexes (per unit 
positive oxidation state of metal atom). 


Table 2.—Frequency shifts in the complexes of tetrahydrofuran 


Negative frequency shift (cm -1 ) 

THF complex of 

909 cm -1 band 

1069 cm -1 band 

THF 

0 

0 

TiCb 

66 

60 

VCI 3 

57 

64 

VOCl 2 

45 

51 

CrClj 

54 

57 

MnCh 

28 

33 

FeCh 

33 

45 

CoClz 

38 

40 

NiC1 2 

42 

42 

CuClz 

25 

25 

ZnCl 2 

42 

50 


General 

Operations were carried out under dry nitrogen. This was done either in a dry 
box or in glass apparatus connected to a nitrogen manifold under a head of about 
10 mm Hg pressure above atmospheric. Generally, the anhydrous metal chloride 
was extracted from a baked paper Soxhlet thimble using tetrahydrofuran which 
had been freshly distilled from LiAlH 4 . Dry sand or talc was admixed with the 
powdered metal chlorides to reduce caking difficulties. 

NidSfy-tetrahydrofuranate. Blue crystals of NiC^-acetomtrile complex 17 * (2 g) 
were placed in a dry nitrogen filled 50 ml flask. Tetrahydrofuran (20 ml) was added 
whereupon a yellowish-green solution formed. The solvent was carefully removed 
under mechanical-pump vacuum through a nitrogen manifold. Fresh tetrahydrofuran 
was again added and the process repeated four times. A yellow residue of flakes 
remains which may be crystallized from a small amount of tetrahydrofuran in the 
form of canary-yellow cubes. — 
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' ! 

If the initial solution of acetonitrile complex in tetrahydrofuran is allowed to 
stand, green crystals of NtCl 2 (THF) (CHjCN) form. 

VOCfe’^THF. VC1 3 '3THF crystals (10 g) were dissolved in 200 ml of tetra¬ 
hydrofuran and stirred magnetically in the open-air at room temperature. The initial 
red solution soon turned green, then blue with noticeable evolution of HQ fumes. 
Volume was reduced to 100 ml by evaporation, 100 ml hexane added and the solution 
filtered. On standing green crystals of the compound VOQa^THF separated. 
These crystals dissolve instantly in water forming a clear sky-blue solution typical 
of vanadyl ion. 

Pyrolysis. Weight losses were gravimetrically determined after 15 min exposure 
at 1 mm pressure at 25° intervals. 
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COMPLEXES OF OXOVANADIUM (IV)* 

J. Selbin and L. H. Holmes Jr. 

Coates Chemical Laboratories, Louisiana State University, Baton Rouge, Louisiana 

(Received 1 February 1962; in revised form 12 March 1962) 

Abstract —The preparation and partial characterization of a number of new complexes of 
the oxovanadium(IV) ion are reported. Cationic, neutral and anionic complexes in which 
the vanadium(IV) is either five- or six-co-ordinated are included. Conductivity studies have 
generally allowed the assignment of groups to the first co-ordination sphere and the presence 
of the vanadium-oxygen multiple bond in each compound has been established by infra¬ 
red spectra. 

Mononuclear oxycations of the types MO" + and M0 2 " + are found mainly 
among the lighter transition elements (in their high oxidation states) of a given 
period, e.g., in Groups IV, V, and VI. They are almost non-existent with the later- 
group metals, although exceptions, such as OsO* + and Ru0 2+ , may be noted. The most 
extensively studied and best characterized oxycation is the dioxouranium (VI) or 
uranyl ion, U 02 + . (1,2 > 

The next best characterized and most studied oxycation is the oxovanadium (TV) 
or vanadyl ion, V0 2+ . (J-12) 

The strongly bound oxygens of such species present additional means for studying 
the complexes of the oxycations beyond those normally available with transition 
metal complexes. Thus, for example, vibrational motions of the “central (polyatomic) 
ion” can be studied as they are perturbed by the additional ligated species. Indeed 
it has been shown” • 13) that a ligand senes strikingly similar to the spectrochemical 
series may be established from the shifts observed in the symmetric and antisymmetric 
vibrations of theO-U-O entity in a series of uranyl complexes. A similar study of vanadyl 

* Based in part upon a thesis submitted in partial fulfilment of the requirements for 
the Ph D. degree at Louisiana State University, 1961. 

<n S. P. McGlynn, J. K. Smith and W. C. Neely, /. Chem. Phys. 35, 105 (1961), and 
references contained therein. 

<2) R L Belford and G. Belford, J. Phys. Chem. 34, 1330 (1961). 

(3) F. J. C. Rossotti and H. S. Rossotti, Acta Chem. Scand. 9, 1177 (1955). 

Ml M. M. Jones, Z. Naturforsch, 12 b, 595 (1957). 

(s) Q. Trujillo et al., series of papers in Armies real. soc. espan. fix, y quim (Madrid), 
1956-1958. 

w C K. Jorgensen, Acta Chem. Scand 11, 73 (1957). 

(7 > C. Furlani, Ricerca Set. 27, 1141 (1957). 

,8) M. B. Palma-Vittorelli, M. U. Palma, D. Palumbo and F. Soarlata, Nuovo cimento 
3,718(1956). 

(9) J. Selbin, L. H. Holmes, Jr. and S. P. McGlynn, Chem. and Industry, 746 (1961). 

U0) C. J. Ballhausen and H. B. Gray, Inorg. Chem. 1, 111 (1962). 

(1U R. D. Feltham. Thesis, University of California, U.S. A.E.C. Report UCRL-3867 (1957) 
(12) R. P. Dodge, U.S. A.E.C. Report UCRL-8225 (1958). 

1131 B. S hamburger and J. Selbin. Unpublished results. 
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complexes* 9 - 141 has utilized the V-O stretching vibration as the probe to establish 
certain ligand series and has uncovered a very interesting correlation between infra-red 
spectral data and electronic spectral data< 14 >. The oxygen(s) attached to the central 
metal produce one (or more) additional electronic (electron transfer) absorption 
bands, which, again, are perturbed to varying degrees by the particular set of ligands. 
Information from this source is more difficult to unravel and interpret, but, in 
principle, it should provide independent data concerning thenatureof the complexes.* 14 ) 

In order to have a wide variety of complexes available for such studies as men¬ 
tioned above, we have prepared and partially characterized a large number of complexes 
of the oxovanadium(I V) cation. These include cationic, neutral and anionic complexes 
in which the vanadium is either fivc-or six-co-ordinated. Complex types in which 
the vanadium is five-co-ordinated include [VO(AAAA)]*, [VO(ABBA)], [VO(AA) 2 ], 
[VO(AA) (BB)] and [VOfAAJaJ. Complex types in which the vanadium is six- 
co-ordinated include [VOaj], [VOa 4 b], [YOa 3 b 2 ], [VO(AA)a 3 ] and [VO(AA) 2 a], 

Conductivity studies of many of these complexes in nitrobenzene generally allowed 
the assignment of groups to the first co-ordination sphere and the determination 
of a definite co-ordination number. For example, with VO(AA) 2 X 2 compounds 
(where AA=o-phen or dipy) the formulation as [VO(AA) 2 X]XisfoundforX=Clor 
Br, whereas the formulation [VO(AA) 2 ]X 2 holds for X=C10 4 . If X 2 =S0 4 , an 
intermediate conductivity value is observed, indicating, perhaps, ion-pair association 
in this case. The infra-red spectrum of this compound indicates that in the solid 
state the sulphate ion is co-ordinated as a unidentate ligand Two complexes having 
empirical formulas VO(AA)!. 5 (NCS) 2 (where AA=o-phen or dipy) are formulated 
as [VO(AA) 2 NCS] [VO(AA) (NCS) 3 ] on the basis of their mode of formation, 
conductivity data and infra-red spectra. 

The assignment of the absorption bands due to the V-O (vanadyl) stretching 
vibration has been made for over fifty complexes, including a few vanadium (V) 
compounds. < 9 - 14) They are found to fall in the range 932-1035 cm' 1 . Several ligand 
series may be deduced from these results, and the series have been interpreted in terms 
of ligand a and n bonding "4! 

The persistence of the vanadium-oxygen multiple bond in all of the complexes 
may be considered to be established from the infrared spectra of the compounds. 
Barraclough, et a/.os) have concluded that the presence of a metal-oxygen multiple 
bond can be correlated with a stretching frequency in the range 900-1100 cm' 1 
We have verified this conclusion with a large number of compounds of MoO J+ , 
MoO| + and WOf* as well as V0 2+ and UO 2 + , although we could find no evidence 
for a Ti0 2+ or a Zr0 2+ mononuclear species in certain so-called titanyl or zirconyl 
compounds. 

The formation of multiple bonds to oxygen by metals in this region of the periodic 
table has been explained theoretically for UOj +1 , V0 2+ * 10 - M) and MoO 3+ and Cr0 3+?,6) 
However, qualitatively this situation may be traced to the ability or tendency for 

♦Abbreviations used in this paper are: AAAA = symmetrical quadridentate ligand, 
AB = unsymmetrical bidentate ligand; a, b = unidentate ligands, etc.; ophen — ortho- 
phenanthroline; dipy *=» dipyndyl; DMSO = dimethylsulphoxide. 

<141 J. Selbjn, S. P. McGlynn and L. H. Holmes. In preparation for publication. 

* 15) C. G. Barraclough, J. Lewis and R. S. Nyholm, J. Chem. Soc. 3552 (1959). 

<*« H. B. Gray and C. R. Hare. Inorg. Chem. I, 363 (1962). 
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oxygen to delocalize its pit- electrons away from its highly compact valence sheeil, fonn- 
mg w-bonds by this means. Gillespie' 17 > has accumulated a great deal of stereochemical 
evidence to support the hypothesis that oxygen (and fluorine) will form multiple bonds 
with atoms or groups which can readily accept 7t-bonding electrons available in the 
compact 2p level. The early transition elements in their high oxidation states, in which 
they achieved 0 or d l configurations, are apparently good 7t-electron acceptors. In fact, 
it is well known that the metals at the beginning of th£ transition series form,their 
most stable complexes with oxygen-donor ligands and that their halide complexes 
follow the stability order F>C1> Br>I. The formation and great stability of mult¬ 
iple bonds with oxygen by the metals in this region of the periodic table is thus not 
unexpected. 

EXPERIMENTAL 
A, Preparation of Compounds 

The starting vanadium materials included VOSO 45 H 2 O, V2O5, and VOCl 2 (syrupy), 
all commercial reagent grade products, and V 0 (C 104 ) 2 'xH 2 0 , prepared as described below. 

Vanadyl perchlorate 

Three methods were found to be satisfactory for obtaining pure aqueous solutions of 
this compound. 

(a) VOSO 4 is treated with sodium hydroxide and the precipitated VO(OH ) 2 is filtered 
and washed until free of sodium sulphate. An excess of alkali should be avoided due to the 
araphotensm exhibited by the VO J+ ton. Ammonia may be used, providing all of the 
ammonia is washed from the precipitated hydroxide. The hydroxide is then dissolved in 
perchloric acid to give a vanadyl perchlorate solution which is stable for many days at 
room temperature or below. Heating causes show oxidation of the vanadyl to V 2 O s by the 
perchlorate. 

(b) Vanadium pentoxide is suspended in perchloric acid and electrolysed at a constant 
potential of 0-55 V (vs. Ag-AgCl electrode). Complete dissolution and reduction is slow; 
the solution is then filtered, yielding a vanadyl perchlorate solution. 

(c) Perchloric acid is added to a solution of VOCI 2 and the resulting solution heated 
on a steam bath to drive off HC1. Oxidation of the vanadyl ion by the perchlorate ion can 
be reversed by adding small amounts of ethanol to the solution. Ethanol in acid solution 
will reduce vanadium pentoxide to V0 2+ . A blue solution is finally obtained which gives 
a negative test for chloride ion with silver nitrate. Filtration improves the purity of the 
solution, but this is the least satisfactory of the three methods. 

Solid hydrated vanadyl perchlorate may be obtained as large clear blue crystals by slow 
vacuum evaporation of the above solutions at room temperature. The crystals are extremely 
hygroscopic, making precise analysis difficult. (Found: VO, 18-5; C10 4 , 27-2. Calc, for 
V0(C10 4 ) 2 5H 2 0: VO, 18-8; CIO 4 , 27-9 and for V0(C10 4 ) 2 -6H 2 0: VO, 17 9; C10 4 ,26-6%). 

Vanadyl chloride and vanadyl bromide 

These compounds are prepared in aqueous solution by heating a mixture of vanadium 
pentoxide, ethyl alcohol, water and the appropriate acid until all of the vanadium pentoxide 
has reacted. Evaporation yields syrupy liquids and the vanadyl halides contain an indeter¬ 
minate amount of water. Continued heating results in partial hydrolysis. 

Vanadyl fluoride 

(a) An aqueous solution of vanadium pentoxide and HF is electrolysed at constant 
potential and the filtered solution is evaporated to a blue solid: V0F 2 xH 2 0; (b) a solution 
of VOCl 2 is treated with a solution of AgF in HF (prepared from silver oxide and HF) and 
the AgCl removed by filtration. Evaporation of the filtrate yields VOF 2 -xH 2 0. (Found: 
VO, 401. Calc, for V0F 2 -3H 2 0. VO, 421, and for VOF 2 4H z O: VO, 37-8%). 

(17 > R. J. Gillespie, J. Amer. Chem. Soc. 82, 5978 (1960). 
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Pentacyano~oxovanadate{I V) ion 

:(a) Tetraethyiammomum salt. VOSO^ SHjO is dissolved in ca. 6 M NaCN; the initial 
precipitate of hydroxide dissolves with stirring. The dark green solution is coded in ice 
and filtered. The clear green filtrate is mixed with an aqueous solution of EUNBr and the 
mixture evaporated in an air stream at room temperature. After several hours, green 
crystals separate and they are filtered, washed with alcohol and ether and dried in vacuo. 
Aoetone cannot be used as wash solution since it appears to cause decomposition of the 
product. The product is insoluble in organic solvents and dissolves with decomposition in 
water. (Found: VO, 12-25; CN, 22-2. Calc, for [(C 2 H 5 ) 4 N]i[VO(CN)sl: VO, 11-41; 

CM, 22-2%). 

The analysis for vanadyl was made by precipitating the cyanide with an equivalent 
amount of silver nitrate and titrating the filtrate with permanganate. The high analysis for 
vanadyl may perhaps be explained as due to some soluble AgfCN)* - which would be 
oxidized by permanganate. 

(b) Tetramethylammomum salt. VOSO 4 5 H 2 O is dissolved m ca. 6 M NaCN solution 
and a hot aqueous solution of Me 4 Nl is added. A precipitate forms immediately and after 
cooling in ice, a light green powder is filtered and washed with alcohol and ether and 
vacuum-dried. (Found: VO, 16 80; CN, 32-2. Calc, for [(CH 3 ) 4 N] 3 (VO(CN)i]: VO, 16-00; 

CN, 31-25%). 

(c) Cesium salt. To a solution of VOSO 45 H 2 O dissolved in ca. 6M NaCN is added 
a solution of CsCl. An aqua coloured precipitate forms which is cooled in ice and filtered. 
It is washed with ca. 6M NaCN m order to remove Na 2 S 04 which may be coprecipitated. 
The cyanide solution is used for washing because the cyano complexes are unstable in water 
but stable in excess cyanide. Finally alcohol and ether are used to wash the product and it 
is air-dried. (Found: VO, 20-70; CN, 21-07. Calc, for Cs 3 [VO(CN) 3 ]: VO, 20-36; CN, 
21-80%). 

Pentaisothiocyanato-oxovanadate{IV) ion 

(a) Tetraethyiammomum salt. Vanadyl sulphate is dissolved in ca. 8 M NH4NCS 
An aqueous solution of Et 4 NBr is added, yielding an immediate precipitate. The solution is 
heated and the precipitate dissolves; on cooling slowly to ice temperature the solution 
yields blue needles They are recrystallized from absolute alcohol, filtered, washed with 
alcohol and ether and vacuum-dried. (Found: NCS, 40-70; C, 42-39, 42 01; H, 7-25, 7-27, 
N, 14 48, 14-50. Calc, for [(C 2 H 5 ) 4 N] 3 {VO(NCS) 5 ]: NCS, 38-90; C, 46-50; H, 8-08; N. 
16-05%. Found: C/H, 5-68, C/N, 2 92. Calc. C/H, 5 75, C/N, 2-90.) 

It is possible that this compound was not fully decomposed in the analysis for C, H 
and N, as the ratios would indicate. The crystals recrystallize nicely and are well formed. 
They appear to be quite pure under a microscope and the analysis for NCS run in this 
laboratory is satisfactory. There is also the possibility that some bromide ion (from the 
EtaNBr) is present: it would lower the C, H and N percentages and raise the thiocyanate 
percentage which was determined as AgNCS This last possibility finds support m the 
superior analysis found with the tetramethylammonium compound prepared from (CH 3 )<*NI 
and described below. 

(b) Tetramethylammomum salt. Vanadyl sulphate is dissolved in ca. 8 M NH 4 NCS and 
a hot aqueous solution of Me 4 NI is added. On cooling, a precipitate of sparkling blue 
crystals is obtained. These crystals are filtered, recrystallized from absolute alcohol, washed 
with alcohol and ether and air-dned. A hot solution of the Me 4 NI is used here as previously 
because of the lower solubility of this compound at lower temperatures. (Found: NCS, 
49-50; C, 34-53; 34-20; H, 6-51, 6 - 66 ; N, 19-00, 19-21. Calc, for [(CHj^NMVOfNCSM 
NCS, 50-01; C, 34-61; H, 6-26; N, 20-50%). 

Sulphatodipyridyloxo vanadium{l V) 

Vanadyl sulphate is dissolved m warm dimethylformamide (DMF) and then added to 
a solution of a.a'-dipyridyl in DMF. A green solution is obtained at first, but upon further 
addition of vanadyl sulphate, a green powder deposits. The powder is refluxed in absolute 
ethapol, filtered, washed with ether and dried in vacuo. (Found: VO, 21-40; SO 4 , 31-0 
Calc, for [VO(CioH»N2)S04]: VO, 21-00; SO«. 30-10%). 
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Suipkato(prthophenantkrotine)oxo vanadiunil V) 

Vanadyl sulphate is dissolved in DMF and added to o-phen dissolved in DMF. A yellow 
solid forms immedia tely which on further addition of vanadyl sulphate dissolves to produce 
a g reen solution. When this solution is heated just below the boiling point, a greenish powder 
precipitates. It is refluxed in absolute ethanol, filtered, washed with ether and dried in vacuo. 
(Found: VO, 19-35; SO*, 28 70. Calc, for [VO(C I2 H,N 2 )SO*]: VO, 19-50; SO*, 28-00%). 

Bis(orthophenanthroline)-oxovanadium(IV) sulphate , 

Vanadyl sulphate is dissolved in ethanol (containing enough water to cause dissolution) 
and added in a one to two mole ratio to o-phen dissolved in ethanol. A gummy precipitate 
is obtained which dissolves if the solution is heated. Upon cooling, a yellow-brown powder 
is deposited which is not very soluble in ethanol after drying. It is washed with acetone 
and ether and dried in vacuo. (Found: VO, 14-20; SO*, 18-20. Calc, for VO(Ci 2 H»N 2 ) 2 SO*: 
VO, 12 80; SO*. 18-35%). 

Tetramethylammonium tetrachIoro-oxovanadate(IV) monoethanolate 

Syrupy vanadyl chloride is mixed with a very concentrated solution of (CHj)*NCl and 
ethanol is added. Upon addition of acetone and ether to this solution a blue oil separates. 
This oil is washed with successive portions of absolute ethanol-acetone mixtures (enough 
acetone to prevent redissolving the oil) and then dissolved in a small volume of absolute 
ethanol. Acetone addition to this solution gives a greenish-blue gummy solid which is 
washed repeatedly with acetone. The product can then be recrystallized from absolute 
ethanol by dissolving it and then evaporating some of the solvent, followed by cooling. 
An aqua coloured powder is obtained which is ether-washed and dried in vacuo. (Found: 
VO, 16-42; Cl, 35-00. Calc, for [(CH 3 )*N 2 ][V 0 C 1 *(C 2 H 50 H)]: VO, 16-62; Cl, 35-25%). 

Bhidipyridyl)-oxovanadium(f V) perchlorate 

Vanadyl perchlorate (aqueous or solid) is dissolved in acetone and added to at,cr'-dipyridyl 
dissolved in acetone. A greenish-brown solution results which is evaporated to dryness in 
a vacuum at room temperature. The solid obtained is washed several times with a 1;| 
mixture of acetone-ether and again evaporated to dryness under vacuum at room temperature. 
Washing with acetone-ether mixtures may produce an oil. The final product is a greenish- 
brown powder which is washed with ether and dned in vacuo. (Found: VO, 11 -24; C, 42-48; 
H, 3 38; N, 9-60. Calc. for[VO(C 1 oH 8 N 2 ) 2 XC10*) 2 :VO, ll -58;C,41-60;H,2-80;N,9-69%). 

Bis(orthophenanthroline)-oxovanadiun^IV ) perchlorate 

Vanadyl perchlorate in acetone is added to o-phen dissolved in acetone. After the 
solution is stirred for several minutes a green precipitate begins to appear and precipitation 
is complete after cooling in ice. It is filtered, washed with ether and vacuum-dried. (Found: 
VO, 10-75; C, 45-82; H, 2 98; N, 8-45. Calc, for tVCXCnHgN^zKClO*)^ VO, 10-70; 
C, 46-00; H, 2-58; N, 8-96%). 

Bromobis(orthophenanthroline}-oxovanadium( 1Vj bromide l-hydrate 

Aqueous vanadyl bromide in acetone is added dropwise with stirring to o-phen dissolved 
in acetone. A chartreuse precipitate appears at once and increases in amount as the VOBr 2 
is added. The solution above the precipitate is nearly colourless as long as excess o-phen 
is present; if excess VOBr 2 is added it beajmes greenish. The precipitate is refluxed for some 
minutes in a 111 ethanol-acetone mixture and filtered, washed with ether and vacuum-dried. 
(Found: Br, 26-4; C, 46-44; H, 2-96; N, 9-10. Calc, for [V0(C 12 H,N 2 ) 2 BrJBr-H 2 0: Br, 
26-40; C, 48-00; H, 3-00; N, 9-33%). 

Bromobisidipyrldyl)-oxovanadium(IV) bromide l-kydrate 

A solution of hydrated VOBr 2 in acetone is added dropwise with stirring to a solution 
of dipy dissolved in acetone. A green precipitate separates at once, increasing in quantity 
as VOBr 2 is added. The solution remains colourless if an excess of dipy is present, greenish, 
if not. The precipitate is filtered and dissolved in a l;i ethanol-acetone mixture. Upon 
cooling for several hours in ice the solution deposits a dark green powder, which is washed 
*ith ether and vacuum-dried. (Found: Br, 28-20; C, 42-38; H, 3-56; N, 10-08. Calc, for 
fVO(C,oH«Na)jBrJBr-H 20 : Br, 28-70; C, 43-20; H, 3-24; N, 10-09%). 
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ChIorobis{orthophenMthroline)-oxovanadium(lV) chloride 

Syrupy VOQz dissolved in acetone is added dropwise with stirring to o-phen dissolved 
in acetone. A light greenish-yellow fluffy precipitate forms at first, but on further addition 
of VOQi the precipitate becomes green and heavier, settling out very readily, When the 
supernatant liquid becomes green the addition is stopped and the mixture heated to boiling 
for several minutes, filtered and the green powder washed with ether and vacuum-dried 
(Found: VO, 13-98; Cl, 14-08. Calc, for [VO(Ci 2 H s N 2 ) 2 ClJCl: VO, 13-42; Cl, 14-24%). 

Chlorobis{<tipyndy[}-cxovanadium{iy ) chloride 

Syrupy VOCI 2 dissolved in acetone is added dropwise with stirring to dipy dissolved in 
acetone. A green precipitate is obtained immediately and VOCI 2 addition is stopped when 
the solution turns green. The mixture is boiled for several minutes, the solid filtered and 
refluxed in fresh acetone for several more minutes, then filtered, washed with ether and 
dried in vacuo. (Found: VO, 15-01; Cl, 14 51. Calc, for [VO(CioH 8 N 2 ) 2 C)]C 1 : VO, 14-12; 
0,14-95%). 

VOC 2 O 4 H 2 C 2 O 43 H 2 O 

Aqueous VOCI2 is mixed with excess oxalic acid and the solution is heated on the 
steam bath for several hours, water being added as it evaporates. Finally the mixture is 
evaporated to dryness, leaving a blue solid. This solid is broken up and heated with 95 per 
cent ethanol. It is filtered hot, yielding a blue powder, which is repeatedly washed with hot 
95 per cent ethanol until a negative test for chloride ion is obtained when the powder is 
dissolved in water. Then the product is washed with ether and dried in vacuo. The vanadyl 
and oxalate were analysed by titrating a sample with permanganate and calculating the 
per cent VO using ' of the volume and the C2O4 using ( of the volume required. (Found 
VO, 22-20; C2O4, 58 40; C, 16-26; H, 2-00. Calc, for VOC2O4 H2C2O4 3 H 2 0 : VO, 22 38 , 
C2O4, 58-90; C, 17-05; H, 2-67%). 

Oxalato(dipyridyl)-oxovanadium(I V ) 

The product just described, VOC 2 O 4 H 2 C 2 O 4 3 H 2 O, is dissolved in ethanol (containing 
just enough water to effect dissolution) and added dropwise with stirring to dipy dissolved 
in alcohol. The solution immediately turns yellow, then darkens to green, and finally a 
green precipitate deposits The vanadyl solution is added until there is a 2;l mole ratio 
(VOldipy) present. The mixture is boiled for several minutes, cooled, filtered and the 
green product washed with acetone and ether and air-dried. (Found: VO, 20-65; C 2 O 4 , 
2710; C, 43-95; H, 3 17; N, 8-51; C/N, 5-18. Calc, for [VOfCioHa^X^j: VO, 21 60; 
C 2 O 4 , 28-30; C, 46-40; H, 2 58; N, 9-00; C/N, 5-16%). 

Oxolato(orthophenanthrnline)~oxovanadium(IV) 

VOC 2 O 4 H 2 C 2 O 4 3 H 2 O is dissolved in warm dimethylformamide and added dropwise 
with stirring to o-phen dissolved in ethanol. Immediate precipitation of a yellow-green 
solid occurs and the addition is stopped when the mole ratio (VOio-phen) ts near 21. The 
mixture is boiled for several minutes, cooled in ice, filtered and the product washed with 
acetone and dried in vacuo. (Found- VO, 19-10; C2O4, 26-40; C, 47-36; H, 3-22; N, 9 49 
Calc, for fV 0 (Ci 2 H 8 N 2 )C 204 ]. VO, 20 00; C 2 O 4 , 26 25; C, 50 20; H, 2 39; N, 8-38%) 

Difluoro(orthophenathroline)-oxo vanadiumilV) 

An aqueous soluUon of vanadyl fluoride (or solid vanadyl fluoride) is dissolved in a 1.1 
ethanol-water mixture and then added dropwise with stirring to <^phen dissolved in ethanol 
A green powder is obtained which, after boiling in the mother liquor for a few minutes, is 
Altered, washed with several portions of 95 per cent ethanol, acetone and then vacuum-dried 
(Found: VO, 23-50; C. 41-85; H, 3-85; N, 7-36; C/N, 5-67. Calc, for [VOfC^Hs^Fj] 
VO, 23-45; C, 50-60; H, 2-91; N, 10-01 %; C/N, 5-05). 

The reasons for the poor agreement on the C, H and N analyses are unknown; howevci 
the compound appears to be pure (e.g., under the microscope) and our own analysis for 
vanadyl is^giite satisfactory. The C, H and N were determined by a commercial laboratory 
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A solution of vanadyl fluoride in a 1:1 water-ethanol mixture is added dropwiae with 
stirring to dipy dissolved in ethanol. The green precipitate obtained is heated to boding in 
the mother liquor for several minutes then filtered. It is then refluxed in acetone for several 
minutes, filtered, washed with ether and vacuum-dried. (Found: VO, 27-18; C, 45-35; 
H, 3 63; N, 10-76. Calc, for [VO(CioHsNi)F 2 ]: VO, 25-63; C, 46-00; H, 3-07; N, 10-72%). 

(VO) 2 (0-phen) 3 (NCS)4 

A solution of vanadyl thiocyanate in ethanol is prepared as follows. Syrupy VOCI 2 is 
dissolved in absolute ethanol and treated with about 3 moles of NH 4 NCS for each mole 
of VOCI 2 . The solution is heated on a hot plate for about 30 min and then cooled for several 
hours in ice The precipitated NH 4 CI is filtered off, leaving vanadyl thiocyanate (and some 
NH 4 NCS) in solution. This is added dropwise with stirring to a solution of o-phen in ethanol. 
A chartreuse precipitate separates out and the mixture is boiled for several minutes. After 
cooling m ice, it is filtered, washed with acetone and vacuum-dried. (Found: C, 52-30; 
H, 2-73; N, 14 68 . Calc, for VO^HgNzh.sfNCSh: C, 53-00; H, 2-65; N, 15-45%). 

(V 0 ) 2 (dipy) 3 (NCS )4 

This compound is prepared by the same procedure used to obtain the previous com¬ 
pound. It is a green powder, which is refluxed in acetone for several minutes, filtered and 
washed with ether and air-dried. (Found. C, 48-79; H, 2 70; N, 17-00. Calc, for 
VO(C,oH,N 2 ),. 5 (NCS) 2 : C. 48-99; H, 2 16; N, 16-79%). 

Bis(%-hydroxyquinolinate)-oxovanadium(IV) 

This compound is prepared by the method of Bielio and Bayer.* 1 *’ Vanadyl sulphate 
and oxine are heated in water solution for an hour or so on a steam bath. The brown 
vanadyl oxinate separates as a solid and is filtered, washed free of SO< with hot water and 
dried in vacuo. It is anhydrous. 

Ammonium pentufluoro-oxovanadate^IV) 

This compound is prepared by the method of Muetterties.< 1!>> Ammonium bifluoride 
is added to an aqueous solution of vanadyl fluoride and a light blue powder precipitates. 
It is recrystallized from water and air-dried It is anhydrous. The same compound can be 
obtained using vanadyl sulphate in aqueous HF to which ammonium bifluoride is added. 
(Found: VO, 30-90. Calc, for (N^bfVOF,]: VO, 31 -00%). 

Vanadyl phthalocyaninc 

This compound was prepared from V 2 0 5 and phthalonitrile according to the method 
of Barrett el aIM Q ' 


Pentakis(d/methylsulphoxide)~oxovanadium(IV) perchlorate 

An aqueous solution of V 0 (C 104)2 is added to pure dimethylsulphoxide (DMSO): the 
solution becomes hot and subsequently blue crystals are deposited. The V0(C104) 2 must 
be added to the DMSO; addition of DMSO to a V 0 (C 104>2 solution did not yield a crystalline 
product The crystals are washed with ether and vacuum-dried. (Found: CIO 4 , 31-0; 
C, 18 55; H, 4-64. Calc, for [V0{(CH 3 ) 2 S0} 5 ](CIO4) 2 : CIO*, 30-4; C, 18-65; H, 4-57%). 


Su!phatotris(dimethylsulphoxide)-oxovanadium(IV ) 

V0S04-5H 2 0 in pure DMSO is heated to dissolution of the salt, then cooled, yielding 
blue crystals. These are filtered, washed with acetone and ether and vacuum-dried. (Found: 
SO 4 , 25-4; C, 18 38; H, 4 78. Calc, for [V0{(CH 3 ) 2 S0} 3 S04]: SO*, 24-2; C, 18-15; H, 
4 ' 54 %) 


U81 H. J. Breua and E. Bayer, Am. 584, 96 (1953). 

191 E - Muetterties, J. Amer. Chem. Soc. 82, 1082 (1960). 

01 P. A. Barrett, C. E. Dent, R. P. Linstbad, J. Chem. Soc. 1719 (1936). 
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Dichlorotris(dimethylsulphoxide}-oxovanadium(IV ) 

(Syrupy VOO 2 is dissolved in DMSO with the liberation of beat. On coding, the 
solution becomes syrupy and it does not yield a precipitate. It is heated to remove some of 
the DMSO, then added to ethanol. To this solution at its boiling point, acetone is added 
and then die mixture is cooled in ice. A light blue powder is obtained. It is recrystallized 
£rotn a 1:1 ethanol-acetone mixture, filtered, washed with ether and vacuum-dried. (Found¬ 
er 19-39;C, 19-48; H, 5-34. Calc, for[VOftCHjJjSOjjCli]: Cl, 19-20; C, 19-35; H,4-88%). 

Pentakis(dimethylsulphoxide)-oxo vanadium(l V) bromide 

(a) Aqueous VOBr 2 and DMSO are mixed in acetone and ether is added to precipita^ 
a green-blue solid. The product is recrystallized from absolute ethanol, filtered, washed 
with ether and dried in vacuo. 

(b) Aqueous VOBrj is dissolved in pure DMSO and after cooling to 0°C, blue crystals 
are deposited. They are recrystallized as described in (a). (Found: Br, 26-03; C, 19-24; 

H, 4-95. Calc, for tVO{(CH 3 ) 2 SO} 5 ]Br 2 : Br, 25-93; C, 19-49; H, 4-87%). 

Vanadyl bisiacetylacetonate) 

This compound was obtained as a commercial product from K and K Laboratories. 

B. Physical Measurements 

I. Conductance 

Equivalent conductances of the vanadyl complexes were obtained in nitrobenzene. 
Concentrations ranged from 10 -4 to 10“ 3 M. According to previously published data* 211 
for the conductances of complexes m nitrobenzene, the range for equivalent conductances 
in ohm -1 cm 2 were taken as follows: four ions, 70-90; three ions, 40-60; two 10 ns, 20-30. 
In Table 1 the conductance data are collected. These data allow the assignment of ligands 
to the first co-ordination sphere in all but three of the compounds listed. (That some of the 
compounds may be polymeric with ligands other than the oxygen acting as bridging groups 
cannot be completely ruled out at the present tune; however, molecular weight determinations 
have proven VO(acac) 2 and VO(oxme) 2 to be monomeric in benzene.) The low value (7-6) 
for the equivalent conductance of VO(o-phen) 2 SO« may result from partial dissociation of 
the sulphate ion or from strong ion-pair interaction between the divalent cation and anion. 
A value of ten was obtained for the equivalent conductance of the compounds having 
empirical formulas of VO(dipy)|. 5 (NCS) 2 and VO(o-phen)i.sCNCS) 2 . If these formulas are 
doubled a value of twenty is obtained, which is in the range for a one to one electrolyte 
We tentatively suggest that these compounds should be formulated as [VO(dipy) 2 NCS]- 
[VO(clipy)(NCS) 3 ] and (VOfo-phenljNCSJfVOfo-phenXNCSh]. The method of preparation 
of these compounds is such that it would not be unreasonable to anticipate these products 
Thus the addition of the chelating agent (AA) to a solution containing the [VOfNCS);] 3- 
species would be expected to form [VO(AA)(NCS)j] _ initially. This species would then 
react with additional (AA) to give fVO{AA) 2 NCS] + , which may then be precipitated by the 
anionic complex species to yield (VO(AA) 2 NCS]TVO(AA)(NCS) 3 ], a uni-univalent electrolyte. 
Attempts to get NCS~ to add to [VO(AA) 2 ] 2+ to give the cationic complex or to add and 
displace an AA group to give the anionic complex were unsuccessful. 

2. Infra-red spectra 

The infra-red spectra of the vanadyl complexes were obtained in the 4000-650 cm -1 
region using a Perkin-Elmer Model 21 spectrophotometer and a Beckman IR-7 spectro¬ 
photometer 4 ' each equipped with NaCl optics, Nujol mulls were employed since some of the 
compounds appeared to have been altered in the preparation of KBr pellets. The spectra 
of all of the ligands were obtained so that ligand bands could be more easily identified in the 
spectra of the complexes. Generally there was no difficulty in identifying the strong band 

* The Beckman IR-7 infra-red spectrophotometer was purchased with funds obtained 
in pent from the National Science Foundation, grants numbers NSF-15242 and NSF-16724 
and fc part from a grant to one of us (J. S.) by the Research Corporation. 

< 21) F, A. Cotton and D. Goodgame, J. ChemSoc. 5267 (1960). 
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(or bands) due to the vanadium-oxygen multiple bond in the infra-red spectra. The fre¬ 
quencies of the V-0 stretching vibration ranged from 1020 cm - * to 932 cm -1 , depending 
upon the particular set of ligands which surrounded the V0 2+ entity. 

Table 1.—Equivalent conductances of vanadyl complexes in nitrobenzene 


Compound 

Equiv. cond. 
fi~ i cm 2 t 

No. of ions 
indicated 

1. VO(DMSO)j(CIO«) 2 

48-5 

3 

2. VO(DMSO) 5 Br 2 

18-4 

2 

3. VO(DMSO) 3 Cl 2 

0 

0 

4. VCXDMSO) 3 SO« 

0 

0 

5. V0(dipy)S04 

0 

0 

6. VO(o-phcn)S0 4 

0 

0 

7. VO(dipyXox) 

0 

0 

8. VO(o-phenXox) 

0 

0 

9. VO(dipy)F 2 

0 

0 

10. VO(o-phen)F 2 

0 

0 

11. VO(oxine) 2 

0 

0 

12. VO(o-phen) 2 Br 2 H 2 0 

26-2 

2 

13. VCKdipy) 2 Br 2 -H20 

25-2 

2 

14. VO(o-phen) 2 Cl 2 

23-7 

2 

15. VO(dipy) 2 Cl 2 

18-2 

2 

16. VO(o-phen) 2 S 04 

7-6 

0-2 

17. (VO) 2 (dipy) 3 (NCS)4 

20 

2 

18. (VO) 2 (o-phen) 3 (NCS)4 

20 

2 

19. VO(o-phen) 2 (ClC>4) 2 

56-5 

3 

20 . V 0 (dipy) 2 (a 04) 2 

56 

3 

21. (Et4N) 3 VO(NCS) 3 

69-1 

4 

22. (Mc4N) 3 VO(NCS)j 

86 

4 

23. VO(acac) 2 

0 

0 
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evidence for a pentacyanonitrosyl complex 

OF MOLYBDENUM* 

R, F. Riley and L. Hof , » 

Department of Chemistry, Polytechnic Institute of Brooklyn 

( Received 15 January 1962; in revised form 11 1962) 

Abstract—Evidence is presented for the existence of diamagnetic KdMofCNJsNO. The 
substance has been reported previously as either a dihydrate or an octa-co-ordinate dihydroxo 
complex. The present compound is formulated as containing formally zerovalent Mo and 
NO + . The low frequency NO stretching fundamental (1455 cm -1 ) is interpreted as evidence 
for substantial d x -+ p K bonding in the Mo-N bond. 

A number of transition metals form anionic pentacyanonitrosyl complex ions of 
general formula [M(CN) 5 NO]*“. These include, Fe (n — 2,3), (1 > 2> Mn (n — 2, 3),< 3 - 4 > 
Cr (n = 3),<5» V (n = 4),<« Co (« = 3),<7> Mo (n = 4)«> and Ru (n = The first 
members of this class which were prepared are relatively stable, diamagnetic com¬ 
pounds, but more recently both stable and unstable paramagnetic members have 
been reported.* 3 ' 5) Interest in this series of compounds arises primarily because (a) the 
formal charges on the central element and the NO group are not unambiguously 
defined by the charge on the anion, and (b) the possible ways of linking the NO group 
to the metal atom are numerous. 

A review of probable bonding arrangements for the co-ordinated NO group and a 
classification, according to this scheme, of existing nitrosyl compounds on the basis of 
their infra-red spectra has been made recently by Wilkinson and coworkers. (10 > 
Their compilation shows that the NO groups in the nitrosyl complexes studied absorb 
in the 1940-1045 cm -1 region which they interpret in terms of a change from a 
predominently triply bonded NO link to one in which the bond order approaches one. 
Although some degree of metal-NO 7i-bonding has been assumed in penta¬ 
cyanonitrosyl complexes, experimental evidence is largely lacking. 

* Presented at the American Chemical Society Meeting-in-Miniature, New York City, 
February, 1960. 

t Present address: General Telephone Co., Bayside, N.Y. 

(1) N. V. Sidgewick, The Chemical Elements and Their Compounds, p. 1360. Oxford 
University Press, Oxford (1950). 

1:1 N. V. Sidgewick, The Chemical Element and Their Compounds, p. 1344 ff. Oxford 
Umversity Press, Oxford (1950). 

(3) F. A. Cotton, R. R. Monchamp, R. J. M. Henry and R. C. Young,/. Inorg. Nucl. Chem. 
10, 28 (1959). 

(4) W. Manchot and H. Schmid, Ber. Dtsch. Chem. Ges. 59, 2360 (1926): W. Higher, 
R. Nast and E. Proeschel, Z. Anorg. Chem. 256, 159 (1948); A. A. Blanchard and 
F. S. Magnusson, /. Amer. Chem. Soc. 62, 2236 (1941). 

(5) W. P. Griffith, J. Lewis and G. Wilkinson, /. Chem. Soc. 872 (1959). 

<s) W. P. Griffith, J. Lewis and G. Wilkinson, /. Chem. Soc. 1632 (1959). 

(7) R- Nast and M. Rohmer, Z. Anorg. Chem. 285, 271 (1956). 

(s) W. Hieber, R. Nast and G. Gehring, Z. Anorg. Chem. 256, 169 (1948). 

191 W. Manchot and J. Dusing, Ber. Dtsch. Chem. Ges. 63, 1226 (1930). 

<10> J. Lewis, R. J. Irving and G. Wilkinson, /. Inorg. Nucl. Chem. 7, 32 (1958). 
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Purple potassium pentacyanouitrosyl mo/yMate was fist ptqpand fy vaudes 
Heide and Hofman^ 1 l) who erroneously formulated it as a double salt. More recently, 
Homer, Nast and Gehring.w utilizing hydroxylamine to reduce basic, cyanide- 
containing molybdate solutions, reported isolation of a dihydrate, K^MofCNJjNO] 
2H 2 0. They also report being unable to remove the hydration water at 180°C in vacuo 
and suggest the salt is better formulated as an eight-co-ordinate complex. In their 
formulation the NO group is formally positive, having transferred an unpaired 
electron to the metal orbitals, which makes the molybdenum formally zerovalent. 
Hieber and Jahn,< 12 > studying the infra-red spectra of this and related compounds, 
assigned an absorption between 1400 and 1500 cm - * to the NO stretching vibration. 
Most recently, Griffith et a/. <5) prepared this compound using the Hieber and co- 
workers^* procedure and on the basis of analyses and infra-red spectra formulated 
it as eight-co-ordinate K 4 [Mo(OH) 2 (CN) 5 NO] containing a formally divalent 
molybdenum atom. A strong absorption at 1595 cm -1 was assigned to the N-0 
stretching fundamental by the same authors. 

In a study of a number of nitrosyl containing complex ions, it became necessary 
for us to prepare this pentacyanonitrosyl complex. Our analytical and infra-red 
spectral results convinced us of the lack of hydrated, co-ordinated or constitutional 
water in this substance and in what follows we report the results of these and other 
studies on this rather unstable material 

EXPERIMENTAL* 

Potassium pentacyanonitrosylmolybdate was prepared by the method of Hieber et al <») 

It was recrystallized several times by dissolving the compound in a minimum amount of hot 
water and filtering into a saturated solution of potassium hydroxide. After standing at ice 
temperature for several hours, the crystalline precipitate was filtered, washed with absolute 
ethanol and ether and stored under nitrogen in a desiccator. All filtration and washing 
operations were carried out under a nitrogen atmosphere. (Found: K, 37-90, 37-70, 37 80, 
Mo, 22-70; C, 14-43, 14 62; N, 20-30, 19-90. Calcd. for K 4 [Mo(CN) 5 NO]: K, 37-92, 
Mo, 23-26; C, 14-55; N, 20-37%.) 

Owing to the instability of potassium pentacyanonitrosylmolybdate in air, all nujol 
and “perfluorolube” mulls for infra-red analysis were prepared in a glove box filled with 
dry nitrogen and examined immediately after preparation on either a Perkin-Elmer 21 or 
Perkin-Elmer 112 spectrophotometer. Spectral results from the P-E 21 are shown in Fig 1 
and Table 1. Table 1 also gives the absorption maxima positions for bands in the 1950— 
2300 cm -1 region as recorded on the P-E 112 equipped with a CsBr prism-grating mono¬ 
chromator. The resolution of the P-E 112, so equipped, is 1 cm' 1 . An instrument calibration 
was effected by scanning the absorption peaks of carbon monoxide and using the data of 
Maooon et al.'m 

*AU carbon and nitrogen analyses performed by the Schwarzkopf Microanalytical 
Laboratory, Woodside, N.Y. Potassium was analysed by the method of Raff and Brotz. U5) 
Molybdenum analyses were made usingthe Jones Reductor method outlined in Reference U4) 

(11 > K. van der Heide and K. A. Hofman, Z. Anorg. Chem. 12, 282 (1896). 

(12> W. Hieber and A. Jahn, Z. Naturforsch. 13 b, 194 (1958). 

<o> P. Raff and W. Brotz, Z. Analyt. Chem. 133,241 (1951). 

(,4 > W. F. Hillebrand, G. E. F. Lundell, H. A. Bright and J. I. Hoffman, Applied 
Inorganic Analyses, (2nd Ed.), pp. 108-112. J. Wiley, New York (1953). 

(,5) A. R. Downie, M. C. Maooon, T. Purcell and B. Crawford, Jr., J. Optical Soc 
Amer. 43, 941 (1953). —- 
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Tabu L—JWra-rsd spbctral absorptions of K<[Mo(CN)jNO] under 


MODERATE AND HIGH RESOLUTION 


Spectral absorptions 



Instrument 

Cyanide region 

NO region 

P-E21 

2108 w, sp 2080 w, sp 2060 m, sp 
2040 vj, sp 2023 r, sp 

1470 s 
1430 s 

1455 vs, b 
1397 m 

P-E 112 

2121 2106 2081 2058 

2036 2022 2009 




w = weak; sp — sharp; m = medium; vr = very strong; r «* strong; b — broad 


cm " 1 

5000 4000 3000 2500 2000 1500 1400 1300 



Fig. 1. 

The ultra-violet and visible absorption spectrum of this compound was taken on a 
Cary, Model 11, spectrophotometer. All solution media were carefully deoxygenated by 
bubbling helium into them before use and solutions of the compound in these media were 
prepared under a continual sweep of the same gas. Although it was possible to scan the 
visible peaks without evident decomposition, the dilute aqueous solutions required to see 
absorption maxima in the ultra-violet region changed colour before scanning was complete. 
Attempts to stabilize the compound in dilute base (m which preparative work has shown the 
compound to be more stable) or potassium cyanide solution failed. The reported results 
are for saturated solutions of the compound in dimethylformamide in which no colour 
change was evident for several hours. The data is shown in Table 2. 


Table 2.—Visible and ultra-violet absorptions of K,*[Mo(CN)jNO] 


Solvent 

Concn. 

Absorption maxima 

Extinction coefficient 

(moles/1.) 

(mu) 

(l./mole cm) 

h 2 o 

7-2x10-3 

544 

208 

Dunethylformamide 

Saturated 

298, 270 
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Hieber et al.w reported that their compound released nearly quantitative amount^ 
(based on the NO group) of nitric oxide and nitrogen when boiled with a 25 per cent sulphuric 
add solution of vanadium pentoxide and of nitric oxide, nitrous oxide and nitrogen when 
boiled with a 25 per cent sulphuric acid solution of [Ag(C;HjN) 2 ]S 2 Oa. We have tried a 
variety of oxidizing agents and adds to accomplish the same end and the results are shown 
in Table 3. In each case the evacuated tube containing the decomposition mixture, after 
standing the time and temperature specified, was connected to a vacuum system and the 
gaseous products separated into fractions. The volume of each fraction was measured and 
its components identified by infra-red examination in a 10 cm gas cell. Previous to volume 
measurement, the gas condensable with liquid nitrogen was further dried and the majority 
of its carbon dioxide removed by allowing it to stand briefly at room temperature over 
powdered barium oxide. 

In each case above parallel experiments were carried out to find the extent to which 
oxidation had occurred. The decomposing reagent was allowed to react at the appropriate 
temperature and then the excess of oxidizing agent or the reduction products of the reagent 
were titrated. The results are shown in Table 4. Several runs were made for each of the four 
reagents shown and, except for potassium hexacyanoferrate(III), the oxidation equivalents 
depend upon the contact time, Incoming greater as the time becomes longer. In each case 
the results for the maximum contact time are shown. 

Table 3.—Volume measurement and identification of gaseous decomposition products* 


Moles gas/mole comp. 


Decomposition 

medium 

Decomposition 

time 

Temp. 

Not cond. 
—195° 

Not cond. 
—80° 

Gas 

composition 

1 M H 2 SO 4 

24 

R.T. 

0 

0 

HCN and N z O 

Fe 2 (S 04)3 in 

3 

R.T. 

0 

0 

HCN and N 2 Q 

2 M H 2 SO 4 

NaOCl in 

1 

R.T. 

004 

008 

nh 3 , n 2 o 

0-5 M NaOH 

V 2 0, in 25% 
H 2 SO 4 

6 

95° 

003 

0 6 

HCN, CO 2 , 
approx. 5 % 
N 2 O 


* Each decomposition and volume measurement was repeated twice. 


Table 4.—Quantitative oxidation of K4[Mo(CN)sNO] 


Decomposition 

medium 

Titrating 

agent 

Decomposition 
temperature 
and time 

Oxidation equivalents 
per mole of 
K 4 [Mo(CN) 5 NO] 

Fe 2 (S 04) 3 in 

Ce™ in 2 M 

R T. 1 day 

1-3 

2 M H 2 SO 4 

H 2 S04 



V 2 O 5 in 25% 

Ce rv in 2 M 

100°C 7 hr 

6-6 

H 2 SO 4 

H 2 S04 



NaOCl in 0-5 

As 2 Oj in 0-5 

R.T. 15 mm 

5-4 

NaOH 

M NaOH 



KjFe(CN)6 m 

As 2 Oj in 0-5 

R.T. 10 min 

0 5 

0-5 M NaOH 

M NaOH 




The chemical change occurring when aqueous solutions of potassium pentacyanonitro- 
sylmolybdate turn yellow on exposure to air is at least partly reversible. Treatment of a 
weighed portion in solution, which had been allowed to change, with solid KOH afforded 
a 49 per cent recovery of the original purple material (identified by the identity of its infra-red 
spectrum with the starting material) 



.&/* 
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Evidence for a pentacyanonitrosyl complex of molybdenum 

Electr on spin resonance measurements on undiluted, powdered potassium penta- 
cyanoffltrosylmolybdate and approximately 10 -3 M solutions by careful scanning over a 
large s pectr al range did not yield an observable resonance attributable to the compound. 
A very peak due to paramagnetic impurities was noticed, however. For several 
theore tical reasons one would not expect spin quenching in this compound, so we conclude 
that the compound is diamagnetic. Recently, a sharp resonance has been studied in 
paramagnetic KitCKCN^NOJ-HjO* 141 and the authors report little delocalization of the 
unpaired spin onto the NO group. , •' 

As an aid in establishing the identity of the material we have prepared, its powder 
diffraction pattern is given in Table 5. 

Table 5.— X-ray powder pattern data 


d Spacing (A) 


7-02 

3-53 

6-65 

3-52 

6-55 

316 

5-64 

312 

5 01 

302 

4-25 

2-87 

4-04 

2-22 

3-64 

215 


DISCUSSION 

It is clear from the analyses that the compound prepared by us has a simplest 
formula in agreement with a six-co-ordinate, unhydrated, pentacyanonitrosyl Mo 
complex. The absence of infra-red absorptions in the 3300-3600 cm' 1 and 1600 cm -1 
regions (Fig. 1) further supports the unhydrated nature of this compound. This 
formulation is at variance with previous workers who found either co-ordinated water 
or hydroxide. 

Difficulty was encountered in taking an accurate infra-red spectrum of our prepara¬ 
tion, since reaction with air and moisture occurs, unless the precautions outlined 
above were rigidly followed. In Fig. 2 the spectrum of a “perfluorolube” mull of the 
compound is shown (decomposition was always noted in these thinner mulls even when 
full precautions were taken) to illustrate the spectral effects of partial exposure to the 
atmosphere. It can be seen that a weak band between 3300-3500 cm -1 , a stronger 
band at 1580-1590 cm -1 (assigned as the NO stretching fundamental by Wilkinson 
et al.) and one or two bands (unobservable in Fig. 2 as only the 5000-1000 cm -1 
spectral region is reproduced) between 850 and 900 cm -1 are characteristic of the 
partially decomposed material. Analysis of a number of spectra has shown the 
intensity of these bands to be a function of exposure time of the mulls to the 
atmosphere. As these are the same regions in which Wilkinson and co-workers (5) 
found absorptions it is likely that these workers reported on a partially decomposed 
sample of the compound reported here. 

The compound reported by Hieber et al . 181 for which complete elementary analyses 
yield the formula, K 4 [Mo(CN) 5 NO]- 2 H 20 is also likely to be the partially hydrolysed 
pentacyanonitrosyl complex, since we have found it relatively easy to remove hydrate 
water from various cyano complex ions and the pentacyanonitrosyl complexes of iron 
and manganese< l7 > (see also References 3, 5 and 9). 

1161 1 Bernal and S. E. Harrison, /. Chem. Phys. 34, 102 (1961). 

(17) Unpublished data. 
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Supposing that the (Mc^CNJsNO} 4- ion exists, it has C 4 , symmetiy so the 
compound should exhibit three CN stretching modes (2A h E) and one NO (A t ) 
stretching fundamental which are active in the infra-red. Wilkinson and co-workers 



report five absorptions in the 2000-2150 cm -1 region which we have confirmed 
(Table 1). However, under higher resolution the splitting is actually more complex as 
seven absorptions are observed. The three strongest absorptions at 2058, 2036 and 
2022 cm -1 we assign to the cyanide stretching vibration as their pattern is 
characteristic of what we have observed in the cyanide region of anhydrous iron and 
manganese pentacyanonitrosyl complexes. <17) The broad and intense absorption 
observable at 1455 cm (Fig. 2) shows tw o satellite peaks, one on either side, which are 
narrower but almost intense as the central peak. This group we assign to the NO 
stretching fundamental. The splitting of the NO fundamental is possibly due to solid 
state effects which have been noted previously for Na 2 [Fe(CN) 5 NO]- 2 H 20 and 
K3[Mn(CN) 5 NO].<3. ,8 > The extreme splitting of the CN peaks may be in part due to 
the same effects but possibly include some combination frequencies as well. The 
origin of the moderately intense peak at 1397 cm -1 is obscure. 

The impossibility of a simple assignment of the infra-red peaks and the occurrence 
of only a single broad and symmetric absorption, attributable to a d-d transition, in the 
electronic spectrum led us to look for confirmatory evidence for the presence of a 
simple pentacyanonitrosyl unit. 

Hieber et al. reported that most of the oxidizing agents reacted with the complex 
did not release gaseous nitrogen-containing products. The latter being released 
quantitatively only with vigorous oxidizing agents under extreme conditions (see 
Experimental). We have tried a variety of chemical agents known to attack co¬ 
ordinated NO groups and release gaseous nitrogen-containing products from this type 
u«> G. Bor, J. Inorg. Nucl. Chem. 17, 174 (1961). 
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of complex. < 4 > 7 - 9 * lw The results in Tables 3 and 4 show that although a significant 
amount of oxidation of the compound occurs, little of the expected gaseous products 
are produced in accord with the findings of these authors. The lack of significant 
amount of these products when vanadium pentoxide in 25% sulphuric acid was used 
(m which case Hihber et al. found a nearly quantitative yield of nitric oxide and 
nitrogen) is presumed to be due to the difference in decomposition temperature. Our 
volume measuring techniques did not permit the use of decomposition temperatures 
above 100°C. However, to partially compensate for this temperature difference the 
decomposition time was made twice the reported value. That some of the co-ordinated 
cyano groups were oxidized in these experiments is shown by the carbon dioxide and 
ammonia found in the gaseous products. The latter arise by oxidation of the cyanide 
ion to cyanate and the subsequent hydrolysis of the cyanate. 

Linkage of NO (for a linear Mo-N-O arrangement) may be through a NO", NO 
or NO + group. The probable chemical reactivity of NO" < 12 > and the paramagnetic 
nature of the resultant complex ion (dependent however on the details of the splitting 
among the non-bonding metal orbitals) make this possibility unlikely. NO linked as 
a neutral group would lead to paramagnetism and so may be excluded. If NO is linked 
as a positive species. Mo is then formally zerovalcnt and, since Mo(0) is a d 6 ion, the 
non-bonding ? 2g metal orbitals would be fully occupied. This leads to a diamagnetic 
species as found experimentally. 

The rather low NO stretching frequency observed in this compound (~2300 cm -1 
in N 0 C 104 (12) and 1944 cm -1 in Na 2 Fe(CN)5NO<3>) is understandable if back dona¬ 
tion (d % -* p K ) of the non-bonding f 2g electrons (orbitals of the proper symmetry are 
available< 20 >) is assumed. Electron release, which should be a function of charge on 
the metal ion, should be strongly favoured by Mo(0). This possibility is shown 
schematically below: 

[(CN) 5 Mo—N = 01] 4 "-[(CN) 5 Mo = N = 01] 4 - 

The added 7t-electron density in the Mo-N bond also helps explain the difficulty noted 
above in removing co-ordinated NO from the complex ion. 

(is) W. Manchot, E. Merry and P. Woringer, Ber, Dtsch. Chem, Ges. 45, 2869 (1912). 

(20) L. E. Oroel, Proceedings of the Tenth Solvay Conference, Brussels (1956). 
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CATALYTIC OXIDATION OF GRAPHITE* 

G. R. Hennio 

Argonne National Laboratory, Argonne, Illinois ,, 

( Received 15 January 1962; in revised form 2 March 1962) 

Abstract —Colloidal metal particles placed on graphite single crystals catalyse the oxidation 
of graphite. The catalysis occurs only at the metal-carbon interface. Spreading of 
catalytically active fragments from the particles was not observed for colloids of platinum, 
gold, iron or nickel. The particles produce characteristic etch patterns which are indicative 
of the crystal perfection. On crystals relatively free of defects, the catalysts attack parallel 
to cleavage surfaces to produce channels, and occasional pits on prismatic surfaces, but are 
inactive on the cleavage surfaces. On crystals containing lattice defects or substitutional 
boron impurities, the catalysts may also attack perpendicular to the cleavage surface and 
produce pits on it. The channels and pits are often oriented along preferred crystallographic 
directions. Activation energies for catalysis were estimated from the etch patterns and are 
about 10 kcal/mole parallel and 56 kcal/mole perpendicular to the cleavage surface. Some 
details of the mechanism of catalytic action have been deduced. Vanadium is an exceptionally 
active catalyst for graphite oxidation; it behaves differently from other metals because it 
forms a liquid pcntoxide. 

The reactions of graphite with gases, particularly with oxygen or carbon dioxide, 
are strongly affected by various catalytic agents. The action of such catalysts has 
been investigated by microscopic studies of the surfaces of graphite single crystals. 

It was anticipated that catalysts would produce pits on the surfaces of graphite 
crystals during reaction with oxygen or carbon dioxide. Such pits usually of hexagonal 
shape are in fact often present on partly reacted crystals; frequently they are found to 
have penetrated the whole crystal and resulted in hexagonal holes. The presence of 
such holes has been reported by Hofmann<» and has been attributed by Greer and 
Topley< 2 > to preferential oxidation of incorporated foreign particle or to catalytic 
action of impurities. Bach and Levitin* 3 * studied the shape of such holes after 
reacting impure crystals with carbon dioxide. They observed round holes after 
reaction with pure C0 2 and hexagonal holes after reaction with C0 2 containing 
hydrogen chloride. 

In preliminary reports it was shown* 4 * by us that on carefully handled crystals 
metallic impurities usually do not produce catalytic pits. Special pretreatments such 
as particle irradiation, quenching or extensive mechanical deformation were required 
to induce pitting. These pretreatments probably introduced excess vacancies or 
vacancy clusters into graphite. Pitting was therefore attributed to attack of the 
catalyst at the vacancies. 

* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 

(u U. Hofmann, Ber. Dtsch. Chem. Ges. 65 B, 1821 (1932). 

121 E. N. Greer and B. Topley, Nature, Load. 129, 904 (1932). 

131 N. Bach and I. Levitin, KolloidZ. 68, 152 (1924). 

4) G. R. Hennio, Proceedings of the First and Second Conferences on Carbon, p. 1 12. Wiley, 
Buffalo (1956); Proceedings of the Third Conference on Carbon, p. 265. Pergamon Press, 
New York (1958). 
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Pretreatment of the crystals by heating was originally carried out to remove 
residual impurities. However, heat treatment below 2700°C may sometimes convert 
an inactive impurity to a more active form. 

It is intended to confine the present report to a description of the details of the 
catalytic effects. The application of these observations to quantitative studies of 
quenching, of vacancy motion,® and of impurity diffusion, which have been carried 
out jointly with Dr. M. A. Kanter, will be published in a separate report, 

EXPERIMENTS 

Materials. Natural graphite crystals were obtained at Ticonderoga, New York. We 
collected these crystals in their natural matrix of limestone from which they were separated 
in the laboratory by hydrochloric acid. The crystals were purified by boiling alternately in 
HC1 and HF and by floatation. The crystals were nearly exclusively non-pitting. Their 
behaviour was indistinguishable from crystals purified further by heating in chlorine to 
900°C or heating in helium to 3000°C and cooling slowly. Some experiments were carried 
out with commercial “Superflake" crystals which had been purified at 3000°C and cooled 
slowly. 

Colloidal metal suspensions were prepared by rotating a rod of the desired metal 
against a wire contact of the same material. The contact was submersed in acetone and 
caused to arc by applying about 30 V a.c. across the contact. The resulting suspensions were 
light gray to brown. A few drops placed on the crystal added of the order of one metal atom 
to 10 s carbon atoms. Colloidal gold solutions in water were also prepared 14 * by reduction 
of the chloride with citric acid and dialysis but did not spread well on the crystals and were 
not sufficiently free of salts to yield unambiguous results. 

Oxidation. To study the effects of catalysts, particularly on pitting graphite, crystals 
were cleaved to expose fresh internal surfaces containing only a few irregularities and 
surface steps. The catalyst was then applied and the crystals were transferred to silica or 
platinum plates and reacted on these supports in dry or wet oxygen. Wet oxygen had been 
saturated with water at 20°C. Dry oxygen had been passed through a column, at least 12 
inches long, of magnesium perchlorate. 

To study conditions of very dry oxidation, the crystals were heated to 950°C m helium 
which had been passed through perchlorate and through a trap cooled with liquid nitrogen. 
After cooling the crystals to the desired temperature of combusUon, oxygen was added to 
the helium stream. 

Microscopy. All microscope and electron microscope examinations were confined to 
the cleavage surfaces of the crystal and to those steps and edges visible by examination 
parallel to the c-axis. To examine the crystals in the electron microscope, a carbon replica 
was prepared. The crystal was either pre-shadowed with chromium, or the replica shadowed 
after separation from the crystal. The separation was accomplished by strengthening the 
replica with a heavy layer of evaporated gold, reacting the crystal with sulphuric acid con¬ 
taining 10 per cent of nitric acid which caused the crystal to peel off the replica and floating 
the replica on aqua regia to dissolve the gold backing. The replicas were examined in an 
RCA E.M.-3 electron microscope. 

RESULTS 

Non-pitting catalysis. Since the crystals were destroyed during replication for 
electron microscopy, the action of the catalysts had to be inferred from their distribu¬ 
tion after a measured period of oxidation. Fig. 1 shows a typical arrangement. 
Some of the catalyst particles ( A ) were found at the tip of channels in the crystal 
surface. The channel sides were nearly perpendicular to the cleavage surface. The 
channel diameter increased with distance from the particle. All channels started at 

(3) G. Hennio and M. Kanter, Proceedings of the Fourth Conference on Carbon, p. 141. 

Pergamon Press, New York (1960). 

J. Turkevitch, J. Hiluer and P. C. Stevenson, Discussions Farad. Soc. No. H» 

(1951). 
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steps (B) running irregularly across the crystal surface. The length of the channels 
was variable. Many catalyst particles (C) were located on the cleavage surface some 
distance from the steps, these particles have not produced channels. The observations 
are interpreted as showing that catalysts remained inactive on the cleavage surface, 
until they came in contact with steps which moved along the surface due to 
uncatalysed oxidation. Once undermined by a step, a particle descended partly or 
completely to the bottom of the step and commenced to catalyse the oxidation along 
its contact with the “riser” of the step. This contact area became the tip of a channel 
which resulted from the accelerated oxidation at the contact area. 

The channels produced by iron particles were usually curved and irregular 
(Fig. 2); those produced by gold were nearly straight. The orientation of straight 
channels after oxidation in moist oxygen was preferentially along {2110} and 
equivalent directions, whereas it tended to {1010} in dry oxygen after drying the 
crystals. It had been observed' 71 that uncatalysed oxidation of graphite in moist 
oxygen causes preferential orientation of surface steps to {1010} and in dry oxygen 
to {2TI0}; therefore the direction of the catalytic channels is perpendicular to and 
the orientation of the walls of the channel is parallel to the preferred orientation of 
uncatalysed steps. 

Reactivity of non-pitting catalysts. The width of the channel at the active tip 
was equal to the diameter of the catalyst particle. The width increased with distance 
from the catalyst due to uncatalysed oxidation of the channel sides. Therefore, the 
difference in half-width between base and tip of a channel divided by the channel 
length equals the reactivity ratio of uncatalysed to catalysed surface atoms. This 
ratio was found to increase with temperature as shown by the channels of Fig. 1 and 
Fig. 3. An Arrhenius plot of this ratio yielded an apparent activation energy difference 
of about 36 kcal. Since the activation energy for the uncatalysed oxidation of these 
crystals was 46 kcal,' 41 the activation energy of the catalysed reaction was 10 kcal. 
This value constitutes an average for measurements on many different channels. 
The value is far from exact because at any given temperature the channel dimensions 
varied between wide limits. Part of this variation in catalyst activity was found to 
be due to particle size. Very small and very large particles were less active than 
particles of several hundred Angstrom diameter. The catalytic activity of particles 
of comparable size depended also upon the channel depth which was determined 
from the shadow on the replica. The activity was highest for shallow channels. This 
correlation of channel depth and catalytic activity is apparent from the data of 
Table 1, which are, however, further complicated by particle size effects. The correla¬ 
tion was also apparent from visual examination of bent channels. Bends in channel 
direction often occurred when the active particle at the tip of the channel encountered 
a surface step. The particle was deflected away from ascending steps because they 
retarded the particle and towards descending steps which accelerated the motion. 

Channels of depth exceeding the particle radius have never been observed. 
When a particle interacted with a step higher than its own radius, its catalytic action 
produced one of three different features, a channel with a ledge, a pit or a serrated 
step. Usually only one of these features predominated but the conditions favouring 
each are not known. A ledge at the base of the channel indicated that the particle 
had activated the oxidation of only the top of the step. The uncatalysed portion of 
l7) G. R. Henniq , Proceedings of the Fifth Conference on Carbon. Pergamon Press, Oxford (1962). 
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the step advanced at the uncatalysed rate and remained as a ledge at the base of the 
chanhel. Several such ledges are present in Figs. 1-4. The catalyst sometimes 
produced pits originating on the step and extending parallel to the cleavage plane. 
They probably would not be detected by electron microscopy but on rare occasions 


Table 1.—Catalytic activity 


d* 

d/c* 

r* 

1450 

5-2 

70 

660 

4-4 


330 

3-5 

18 

IfY 

3-5 

26 

180 

21 

19 

210 

2 0 

15 


*d — particle diameter in Angstrom 
c - channel depth 

r = ratio of catalytic to uncatalysed burning rate 


were seen in the optical microscope. Pits of this type produced interference colours 
which are shown by contrast in Fig. 5. Such features were found occasionally on 
cleaved crystals, principally on steps originating at screw dislocations. In Fig. 5, 
the dislocation has been etched away leaving a large hole. The pits of Fig. 5 are 
situated at various depths as shown by the differences in contrast and confirmed by 
careful cleaving The most frequently observed mode of action of catalysts at high 
steps was serration. The particle remained attached to the step and accelerated the 
oxidation parallel to the step (Fig. 6). The catalyst activity decreased with the age of 
the catalyst suspension. The activation energy for an aged solution of colloidal gold 
was measured to be 30 kcal. After extensive oxidation, the catalyst particles tended 
to coagulate (Fig. 4). 

Pitting catalysis. Various treatments were found to modify graphite crystals so 
that they pitted during subsequent catalytic oxidation. These treatments are irradia¬ 
tion with high energy neutrons or electrons, mechanical deformation, or suitable 
heat treatment Heating to temperatures above 2700°C followed by quenching 
usually induced subsequent pitting behaviour probably because excess lattice vacancies 
were introduced. In crystals which had not previously been oxidised or heat treated, 
pitting could also be induced by heating for several hours to temperatures between 
2400° and 2600°. The rate of subsequent cooling had no influence if it exceeded one 
degree per minute but very slow cooling rates removed the pitting tendency. Heat 
treatment below 2700° caused a gradual penetration of this tendency into the crystal 
As an example, Fig. 7 shows a cleaved and catalytically oxidised section of a crystal 
heated for one hour at 2600°. Pitting occurred in a region paralleling the outer 
surface of the crystal and also along a linear source crossing the crystal which may 
have been a twin line or low angle boundary present before cleaving. Screw disloca¬ 
tions were also observed to act as sources for the pit forming tendency. This pitting 
induced below 2700° is probably associated, not with excess lattice vacancies, but 
with a diffusing impurity. The effect could be enhanced by heating the graphite 
between 2400 and 2600°C with boric acid but was not enhanced by heating with 
silica or vanadium chloride. The pitting tendency induced in this temperature range 









Fig I —Colloidal gold on graphite One hour oxidation at 550 . A, active 
catalyst, B, step, C, inactive catalyst, D, crystal bent due to {2117} twin 



Fig. 2.—Colloidal iron on graphite. One hour wet oxidation at 500 
Fig 3.—Colloidal gold on graphite. One quarter hour wet oxidation at 650 
Fig 4 —Coagulation of colloid particles Gold on graphite. 

Fig. 5 —Pitting along a-axis. Colloidal gold on graphite Wet oxygen at 
700 C Optical micrograph. 




Fig 6 —Serrated step Colloidal gold on graphite One half hour wet oxygen 

at 650° 

Fra. 7.—Pitting tendency partly diffused into graphite Colloidal gold catalyst 

Optical micrograph 

Fig 8 - Initial channelling on pitting graphite Colloidal gold One hour low 
pressure oxygen at 700" 


Fig 9 —Pitting by colloidal gold. Two and a half hours low pressure oxygen 
at 750" Twin line showed that pit edges are {10T0} 







Fig. 10 —Irregular hexagonal pit Colloidal gold One hour oxygen at 650 
Shadowed after replication 

Fig 11 — Apparent spiral pit Two hours oxygen 650° 

Fig. 12 —Islands of vanadium catalyst on pitting graphite. Extensive oxidation 
Fig. 13. —Same material as in Fig 12, washed and burned | hour at 600 . 
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therefore probably due to boron impurities present on the crystal surface and 
diffusing, presumably substitutionally. No distinction will be made in the following 
between pitting due to boron or due to quenched-in vacancies since no qualitative 
differences in pitting behaviour had been noted and since quantitative measurements 
are still in progress. Pitting due to irradiation or mechanical deformation will not 
be described here. 

When metallic catalysts were not added, the oxidation of crystals which had been 
pretreated to induce pitting behaviour resulted in the development of only a small 
number of random pits on the cleavage surfaces. In wet oxygen this spontaneous 
pit formation was more pronounced than in dry oxygen. 

Oxidation of pitting crystals which had been contaminated with suspensions of 
colloidal metal caused very extensive pitting. The progress of this pitting was followed 
by replicating crystals after progressively increased periods of oxidation. Initially the 
catalyst particle produced a channel on the surface similar to the channels formed 
on non-pitting crystals; however, nearly every catalyst particle produced such a 
channel (Fig. 8), whereas on non-pitting crystals only those particles which were in 
contact with steps produced channels. Furthermore, on pitting crystals, the channels 
became progressively deeper; the rate of penetration increased with the defect (boron 
or vacancy) concentration. When the channel depth was about equal to the radius of 
the particle, lateral motion became restricted and actual pit formation commenced 
(Fig. 9). 

Temperature effects on pittmg catalysis. The length of the initial channel decreased 
as the temperature of oxidation increased. The crystals did not pit at 600°, unless 
heavily doped with boron, but at 800° the initial channel was very short and steep. 
The shape of the pits produced after extensive oxidation was also found to be a function 
of the temperature, being steeper, the higher the temperature of oxidation. The 
acUvation energy for catalytic oxidation parallel to the c-axis can be estimated from 
the pit shape. The burning rate at the rim of a pit is uncatalysed and should therefore 
show the activation energy of 46 kcal measured for uncatalysed burning of these 
crystals. The depth of the pit, determined from the shadow length and shadow angle 
of replicas, is an index of the rate of catalytic penetration. The ratio of width to 
depth was of the order of ten but was temperature dependent. An Arrhenius plot 
of this ratio yielded a value of —10 kcal for the difference between the activation 
energies of uncatalysed and catalysed oxidation. The activation energy of catalysed 
penetration is therefore 56 kcal/mole. 

The pits produced by colloidal gold or iron in wet oxygen consisted of rather 
high (> 500 A) steps oriented 1010 or equivalently (Fig. 9). At low pressures of 
oxygen, the pits became perfectly hexagonal in shape. Oxidation at high oxygen 
pressures and low temperatures resulted in less regular pits which were, however, 
still bounded by steps consisting of straight sections of preferred orientation (Fig. 10). 
Neai the bottom of the pit the steps were often of lower height and closer together 
than at the top. 

In dry oxygen the burning behaviour usually did not vary appreciably unless an 
effort was made to remove residual moisture from the crystals by outgassing in dry 
helium at 950°C. Such dried crystals usually showed less tendency to pit than moist 
crystals. An appreciable fraction of catalyst particles was found to remain inactive 
on the surface, the fraction depending also on the boron or defect concentration of 
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the crystal. The pits which were produced under very dry conditions were usually 
Oriented so that their sides were {2110}. Some of the steps were not parallel to the 
c axis but were high index pyramidal surfaces. The proportion of such pyramidal 
surfhces increased with the temperature of oxidation. 

Spiral pits. Occasional pits appeared, particularly in the optical microscope, to 
be spiral shaped. Such apparent spirals were always found to be actually pyramidal, 
the spiral appearance being due to a local crowding of steps which was probably 
caused by oscillations of the catalyst particle (Fig. 11). 

Reactivity of pitting catalysts. The dependence of the catalyst reactivity on 
moisture and on temperature has already been described. Some differences were 
noted between various metals. Colloidal gold and iron appeared equally active under 
moist conditions of oxidation. In dry oxygen, iron was considerably more active 
than gold in forming pits. Both substances appeared to sinter at 900° into more 
uniformly round particles which initiated more symmetrical pits or straighter channels. 
Nickel, platinum, and silver appeared to show catalytic activity comparable to gold. 
Aluminium appeared to be less active. Colloidal suspensions of vanadium produced 
a very much larger enhancement of oxidation rate than other metals tested. Occasional 
vanadium catalyst particles were seen on these crystals at the tip of catalytic channels, 
but, in addition, the reactivity of all steps on non-pitting crystals and of all surfaces 
on pitting crystals seemed to be considerably enhanced Irregular channels indicating 
excess reactivity were often observed which did not carry visible catalyst particles at 
their tip. Furthermore those particles which could be found at channel tips appeared 
to wet the graphite surface and conform to the channel shape. The vanadium catalyst 
was apparently present as a liquid which wetted and flowed over the graphite surface 
This suggests that the catalyst was present as the low melting pentoxide. Frequently, 
residues of less active catalyst remained in isolated positions, possibly as vanadium 
carbide (Fig. 12). Water at 25°C reactivated such particles; they retained their shape 
below 600° but melted above this temperature (Fig. 13). The melting point of bulk 
vanadium pentoxide is 680° but apparent melting of very small particles due to 
sintering, surface flow, etc. may occur at lower temperature. 

DISCUSSION 

The observations demonstrate several details of the mechanism of catalytic 
oxidation. All the metals studied except vanadium produced catalytic effects onlw 
at the interface of a rather sizeable metal particle and the substrate. No evidence was 
found for any catalysis by individual metal atoms separating from the colloid, the 
particles did not become smaller, but actually often increased in size by coalescing 
In a few experiments, solutions of metal salts were placed on graphite. After brief 
oxidation, these metals were again found to have coagulated into active colloidal 
particles. 

The metallic particles did not cause catalysis by action at a distance, as for 
instance by altering the Fermi level of conduction electrons in the graphite. The shape 
of the channels produced on the graphite surface showed that uncatalysed oxidation 
occurred up to the immediate vicinity of a catalyst particle. 

What caused tfie motion of the colloidal particles which produced the observed 
channels? Brownian motion would cause a 200 A particle to be displaced 0-05 mm/ 
second at 500° in air unless retarded by friction against the crystal surface. However, 
this friction or bonding of the particle to the cleavage surface appears to prevent 
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Brownian motion nearly completely since the colloid particles remain randomly 
distributed instead of moving to surface steps and becoming catalytically active. 
The forces between the particle and the cleavage surface are probably van der Waals 
forces. The motion of a particle along its catalytic channel is probably due to 
additional attractive forces to the carbon atoms along the edge of the channel tip. 
Since these carbon atoms are constantly being oxidised, only the leading surface of 
the catalyst particle can be in contact with edge atoms. Thus the attractive forces 
are unbalanced and cause motion of the particle along the channel direction. Motion 
by this mechanism rather than by Brownian motion is also deduced from the observa¬ 
tion that active particles are always located in the tip of the channels. Particles 
located elsewhere in the channel are inactive. 

The straightness and preferential orientation of the channels can be caused by 
anisotropic reactivity. If the catalysed oxidation at the interface is faster in certain 
crystallographic directions, the resulting motion which maintains maximum contact 
area between particle and graphite, and thus the channel direction, will be per¬ 
pendicular to one of the directions of fastest oxidation (Fig. 14). It should be noted 



a. b. 

Fio. 14.—Motion of catalyst. Dashed lines: position near beginning of 
catalysis. Solid lines: position when channel has formed. Arrows denote 
directions of highest reactivity. Burning along these directions is highly 
exaggerated in drawing. 

that these directions of fastest catalysed oxidation coincide with the directions of 
fastest uncatalysed oxidation since the orientation of the channel sides is usually 
parallel to the orientation of surface steps in uncatalysed burning, even when this 
preferred orientation is altered by the action of water. 

The catalytic activity of colloidal particles of a given size is lower in deep than 
in shallow channels. Since the depth of a channel in non-pitting crystals is determined 
by the height of the step at which catalysis commenced, this correlation cannot be 
due to inherent differences between particles but may be due to differences in the 
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area of the particle-graphite interface. The diffusion length of oxygen or reaction 
products in this interface increases with the channel depth, thus slowing the reaction. 
When the step height exceeds the particle radius, the particle usually does not form 
a catalytic channel but moves parallel to the surface step. In this case, the accumula¬ 
tion of reaction products probably prevents the formation of three lines of attachment 
required for channel formation (Fig. 14). When attached to the step as in Fig. 6, the 
particle probably changes its area of attachment constantly thereby facilitating the 
release of reaction products from the contact area. 

Mechanism of catalysis. Three sets of observations on non-pitting crystals yield 
information on the mechanism of catalysis. These are the preferred direction of 
catalytic attack, the motion of the catalyst particles, and the measured activation 
energies. 

The uncatalysed oxidation of graphite proceeds in several steps which probably 
include adsorption of oxygen, activation and dissociation of the oxygen, formation 
of mobile or immobile surface oxide complexes, activation and rupture of carbon 
bonds between complexes and interior carbon atoms, and removal of adsorbed reac¬ 
tion products. Of these partial reactions, the step which determines the crystallo¬ 
graphic orientation of the oxidised surface is probably the rupture of carbon-carbon 
bonds. It is likely that this particular step in the reaction is not affected by metal 
catalysis because the preferred orientation is insensitive to catalysis as described 
earlier. 

The observed motion of the catalyst particles demonstrates that bonds are formed 
between the catalyst and a large number of reactive carbon atoms at the metal-carbon 
interface. Since this bonding may be incidental to the catalytic action, it does not 
reveal which of the reaction steps is affected or by-passed by the catalytic action 
If the bonding were concomitant with the catalytic action, activation of adsorbed 
oxygen to form metal-oxygen-carbon bridges would be a likely mechanism of 
catalytic action. 

The measured activation energies for non-pitting catalysis demonstrate that the 
catalysts cause a pronounced change m the pre-exponential term of the Arrhenius 
rate equation. The observed reactivity ratio of catalysed to uncatalysed oxidation of 
carbon atoms was measured to be about 50 at 550°C (Table 1). The activation 
energy was reduced by catalysis from 46 to about 10 kcal/mole. Therefore the pre- 
exponential term was reduced by a factor of 10 8 due to catalysis. Such a large change 
suggests that the catalyst does not merely accelerate one of the reaction steps of 
oxidation but affects several steps, or bypasses the normal reaction sequence possibly 
by the formation of metal-oxygen-carbon bridges. 

Pit formation appears to be initiated by the accelerated oxidation at those 
vacancies and/or boron atoms which are present in the initial contact region between 
catalyst and graphite. This attack is followed by catalytic oxidation of edge atoms 
until the hole in the surface layer of the crystal is large enough to expose additional 
vacancies or boron atoms in the next layer. As these are oxidized in turn, the particle 
gradually penetrates into the crystal while producing a surface channel. When the 
channel depth has increased to the particle radius, lateral motion is slowed but 
penetration continues resulting in a pit. The stepped geometry of the pits is not due 
to periodic bursts of catalytic activity but to excessive reactivity of pyramidal faces 
initially produced. Even in the absence of metallic catalysts, such pyramidal faces 
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are near ly always converted to prismatic faces. The reason for this preferential 
burning to prismatic (i.e. “vertical”) steps on graphite is not understood but is 
believed to be due to catalysis by traces of water. 

The temperature dependence of the catalytic penetration yielded an apparent 
activation energy of 56 kcal. It is not surprising that this value is higher than the 
activation energy of uncatalysed oxidation because the penetration reaction involves 
oxidation of carbon atoms adjacent to vacancies or boron 'atoms which may be more 
tightly bonded than carbon atoms at edges of layer planes. 

The conclusions do not apply to vanadium catalysts which melt and wet the 
surface. 
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for help in sample preparations. The author gratefully acknowledges the co-operation of 
the electron microscope group of the Biology Division and particularly O. T. Minick in 
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Abstract— Functional relations have been established describing caesium sorption on 
ammonium phosphotungstate (NH*PW) and ammonium phosphomolybdate (NH 4 PM 0 ) as 
a function of the concentrations of nitric acid, ammonium nitrate and caesium in the solution, 
and on the amount of sorbent. 

The use, of ammonium salts of heteropolyacids as selective ion exchangers for the 
isolation of 137 Cs from fission product solutions requires a knowledge of the 
behaviour of these substances under the conditions obtaining in the reprocessing 
of nuclear fuel, viz. the strongly acid medium (usually nitric acid) and the presence of 
high concentrations of sodium and ammonium salts. A study of Cs extraction 
under these conditions and of the mathematical representation of the sorption 
phenomena is therefore necessary. The aim of this work was to study the exchange 
of Cs in micro and macro-amounts on ammonium phosphotungstate and phos¬ 
phomolybdate in the presence of nitric acid and ammonium nitrate, to find how these 
factors influence the exchange, and to establish the rules governing the exchange. 

There is little published information concerning the mechanism of sorption of 
alkali metals on ammonium salts of heteropolyacids. Smit et alMK measured the 
distribution coefficients of alkali metals in OT NNH 4 NO 3 solutions on ammonium 
salts of various heteropolyacids, and the validity of the mass-action law has been 
checked for the sorption of Rb on NH 4 PM 0 and of Cs on NH 4 PW< 2 > 3 >. 

EXPERIMENTAL 

Experiments were earned out at room temperature under static conditions with acid 
ammonium salts of phosphotungstic and phosphomolybdic acids having the compositions 
(NH 4 )2.2Ho.8[PW 12 04o]15 H 2 0 and (NH^h-n Ho.62[PMoi 2 04o]‘9'3 H 2 0. Preparation and 
analysis of these salts are described elsewhere. (4) The ammonium salts (OT g) were weighed 
into 2 5 ml glass tubes and 2 ml of ammonium nitrate solution containing micro-amounts 
of l)7 Cs (10 ~ 7 mole/1.) was added. In other experiments nitric acid of varying concentrations, 
or a mixture of nitric acid and ammonium nitrate, containing a micro-amount of ,}7 Cs as 
tracer was added to the weighed amount After shaking until equilibrium was attained the 
solution was centrifuged and the distribution of Cs between the phases was determined 
radiometrically. The distribution coefficient for Cs, defined as 

_ activity of Cs in 0.1 g of NH 4 PW _ _ 

activity of Cs in 2 ml of solution at equilibrium d ' 
was then calculated. 

Analytical grade chemicals were used throughout. 

(1) J. van R. Smtt, J. J. Jacobs and W. Robb, /. Inorg. Nucl. Chem. 12, 95 (1959). 

<2) J. van R. Smtt, J. J. Jacobs and W. Robb, /. Inorg. Nucl. Chem. 12,104 (1959). 

1 J. Krtil,/. inorg. Nucl. Chem. 19, 298 (1961). 
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RESULTS AND DISCUSSION 

The percentage of Cs in the solid will be determined by the equilibrium con¬ 
centrations of ammonium salts and of hydrogen ions present in the solution, since 
it has been shown <A5> that the alkali metal (Cs) is exchanged isomorphously into the 
lattice partly for ammonium and partly also for the acid hydrogen of the sorbent. 
It has also been shown that in an acid medium the composition of the sorbent* 4 ' is 
changed. The sorption of Cs or another alkali metal on the ammonium salts of 
heteropolyacids is thus a complex process, and to express it mathematically it is 
necessary to simplify the system. This may be fulfilled by examining the sorption of 
micro-amounts of Cs under suitable conditions of ammonium salt concentration and/ 
or nitric acid concentration and for an amount of sorbent such that Cs is a micro¬ 
component relative to ammonium or acid hydrogen; its distribution between the 
phases will then obey simple laws. 

The overall exchange may be regarded as a result of three separate phenomena, 
viz. exchange of Cs for NH 4 and/or for acid hydrogen, and of acid hydrogen for 
NH 4 . We may express the individual equilibrium constants as follows 


[Cs] [NH 4 ] 

KctlNH * = [Cs] [NH4] 
L S 


Kc»IH — 


[Cs] [H] 

[Cs/W 

L S 


( 2 ) 


^H/NH4 


[nh 4 ] [H] 

L S 


~[NH 4 ] [H] 

S L 


(3), L indicating the 
solution, and S 
the precipitate 


The value of K HINH4 is not constant over the range of HNO 3 concentration 
studied (0-1-10 M), varying by as much as one order of magnitude* 4 ' this is due to 
the fact that only exchangeable ammonium and not total ammonium concentration 
in the solid phase should be substituted into Equation (3), since changes in the sorbent 
composition occur at lower acidities. In 3 M and higher concentration of nitric acid 
the composition of the acid salt is practically constant. An accurate determination of 
the amount of exchangeable ammonium is rather difficult, but it may be shown from 
the experiments which were carried out that this process will not be the determining 
one for obtaining sorption dependences. 

The exchange of Cs for NH« at constant acidity was first investigated. Equation 
(1) may be modified to give log Kj = log A — log [NH 4 ] L , 

[Cs] 

where-? = K d 

[Cs] * 

L 

Aq/nh. • [NH4] = A 

LS 


<♦> J. Kxtil and V. Kourim, /. Inorg. Nucl. Chem. 12, 367 (1960). 

**» H. Buchwald and W. P. Thistlethwaite, /. Inorg. Nucl. Chem. 5, 341 (1957). 
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Thus if (1) is valid we will obtain a linear dependence of log on log [NH 4 ] L , 
and this is confirmed by the results shown in Fig. 1. The slope of curve A equal 1, 
showing that one Cs ion replaces one ammonium ion. The amount of hydrogen 



-20 -10 0 10 
log Cnh 4 no 3 


Fra. 1.—Dependence of the distribution coefficient for Cs on ammonium ion 
concentration in solution at equilibrium. 

A, 0 001 M HN0 3 K,5M HNOj C, 10 M HNO, 

O NH 4 PM 0 • NH 4 PW 

The distribution coefficient for Cs is higher on NH 4 PM 0 than on NH 4 PW (for 
equal amounts of sorbent) over the whole range of ammonium salt concentrations 
investigated, but the corresponding equilibrium constants in OOOIM.HNO 3 are 5-5 x 
10 2 for NH 4 PW and 4-18 x 10 2 for NH 4 PM 0 concentration in moles l -1 ) the latter 
having a lower value in conformity with the solubilities of the caesium and ammonium 
salts. The difference between the values of K d for NH 4 PW and NH 4 PM 0 disappears 
with increasing acidity of the solution. The constant Acwnh* is, of course, valid only 
for a certain hydrogen ion concentration and decreases with increasing acidity, as 
may be seen from the other lines in Fig. 1. The value of A depends on acidity, and if we 
suppose that the ammonium concentration in the solid phase varies only slightly 
(if Cs is present in micro-amounts) we can plot log A ( = K d . [NH^jJ against nitric 
acid concentration as in Fig. 2. The value of A varies only slightly at HNO 3 con¬ 
centrations less than 3 M, and for [HN 03 ]> 3 M we obtain a linear dependence of 
log A on log [H] l . Putting A =f (H) we obtain 
lo g K d . [NH 4 ] l = - log [HJj. + log (const). 

or l/A^ = 0-04 [H] l . [NH 4 K 
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This relation holds well both for NH 4 PW and NH 4 PM 0 . 

i This empirical dependence may be explained on the basis of the sorbent acting 
as an ion exchanger. The acid ammonium salt of a heteropolyacid may be regarded 
as a strong add ion exchanger, in agreement with the relationship A = /(H). If we 



Flo. 2.—Relationship between AyNH*] L and nitric acid concentration. 


treat the sorbent as a mixture of an ammonium salt and a free heteropolyacid, the 
ammonium salt being completely dissociated and the free heteropolyacid partly 
dissociated, then the dissociation may be written in the form 

NH 4 R^NH + 4 + R- (a) HR ^ H + + R (b) 

Assuming complete dissodation of the ammonium salt we may approximate as 
follows [NHJ] = [R;] 


For (b) the following expression is valid at equilibrium 


[H + ] [R-] 

w _ s s 

[hr r 

s 


(c) 


Substituting (c) into (1) where, [NH 4 ]s corresponds to that fraction of ammonium 
ion which is exchangeable for add hydrogen, and supposing Donnan’s concept of 
equilibrium to hold, when the concentration of hydrogen ions in the ion exchanger 
is proportional to the concentration of H ions in the solution, i.e., [H]g = k [H] L , 


[H] [nhj C' 

we obtain K anm . = K„ — L -. 

s 

k (4) 

' where C'=» — 

K' 

For low H + concentrations the ratio [H + ]s/[HR] s will be constant, and therefore 
Kj wiD also be constant. For a higher addity the relation [HR] s = const, must be 
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valid, as we have obtained the limiting acid salt and then the relationship (4) will be 
simplified into the form 

Const. **» A^[NH 4 + ] t . [H + ] L 
in agreement with the results obtained. 

The results for Cs sorption as a function of HNO 3 concentrations at constant 
ammonium salt concentration agree with previous data (Ifig. 3). A slow decrease in 

r 



C HNO, 

Fro. 3 .—Dependence of the distribution coefficient for Cs on nitric add 

concentration. 

A, without NH4NO3 B, 01 M NH4NO3 C. 1 - 2 M NH4NO3 

O NH4PM0 • NH4PW 

Cs sorption with increasing HNO 3 concentration changes abruptly near [HNO 33 
~3 M, beyond which there is a linear variation with slope ~ 1. Thus at acidities 

> 3 M HNO 3 the sorption properties of NH 4 PW and NH 4 PM 0 change, and the 
acid hydrogen and Cs may replace each other. 

The variation in sorption properties of NH 4 PW and NH 4 PM 0 could be due to 
variation in the sorbent structure. A study of the infra-red spectra of samples of 
NH 4 PW and NH 4 PM 0 which were obtained by shaking the salts with HNO 3 in 
various concentrations to equilibrium showed no change as the concentration of acid 
was varied. This can be explained by assuming that there is no substantial change in 
either the heteropolyanion bonding or in the water of crystallization. As was pre¬ 
viously shown analytically' 4 *, exchange of NH 4 for H occurs in an acid medium, the 
salt becoming more acid and at an acidity > 3 M HN0 3 we obtain the limiting salt 
(NH 4 ) 2 HPW. Under our conditions we may also suppose this acid salt to be formed 
and it should be further enriched with H + or Cs + . As our experiments show, Cs + 
and H + are equivalent. We may conclude from this that the acid hydrogen ions are 
not equivalent in their bond strength, and undergo substitution by Cs or by another 
alkali metal in stages. The equilibrium constant Kchh reaches a constant value at 

> 3 M HNO 3 ; below 3 M HNO 3 it is not constant, due to the fact that the content of 
acid hydrogen in the NH 4 PW molecule changes considerably. 
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It is necessary, of course, to know the range of Cs concentrations over Much 
these relationships are valid. It may be seen from the dependence of the distribution 



J_I_I_I_I_L 

2 3 4 5 6 7 


-log c Ct 

Fra. 4 .—Dependence of distribution coefficient for Cs on the initial Cs 

concentration. 

(sorbent: NH 4 PW) 

A, 0-43 M NH4NO3 B, 0-5 M NH4NO3 + 5 M HNOj 

—Previous results 131 

coefficient A^(Cs) on the initial concentration of Cs (Fig. 4) that they may be applied 
up to [Cs + ] = 10~3 M. Above this concentration K d falls sharply, since the amount 
of exchangeable hydrogen and ammonium ions is limited by the capacity of the 
exchanges. 
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the separation factor of lithium isotopes 

WITH ION EXCHANGERS 

ii 

H. Kakihana, T. Nomura and Y. Mori 

Laboratory of Nuclear Chemistry, Tokyo Institute of Technology, Meguro, Tokyo, Japan 

(Received 12 December 1961; in revised form 14 February 1962) 

Abstract —Fundamental equations for the isotopic ion exchange reaction were derived with 
various degrees of approximation considering the various kinds of external solutions and 
ion exchangers. 

The separation factors of lithium isotopes S^Li) in ethanol (or acetone)-water mixtures 
were determined with differently cross-linked sulphonated polystyreno-divinylbenzene 
copolymers and synthetic inorganic ion exchanger Ionite C (zirconium phosphate type). 

LiOH system gave higher separation factors than LiCl systems. The highly cross-linked 
resins and synthetic inorganic ion exchanger are also favourable for the higher separation 
factor. 

The highest value 1 -022 was obtained for the system of 0 1 M LiOH 20 per cent acetone- 
water mixture using synthetic inorganic ion exchanger. 

These experimental results were analysed by fundamental equations. 

Since Taylor and Urey claimed to have observed a separation factor of 1 -022 with 
zeolites, many studies have been done for the ion exchange separation of Li isotopes 
especially in the system of aqueous LiCl solution on sulphonated exchanger. How¬ 
ever, as summarized in Table 1, only very low separation factors 1-001-1-006 were 
observed. In view of the fact that Li ions are in very nearly the same state both in the 
aqueous LiCl solution phase and in the sulphonated exchanger phase, these low 
separation factors may not be surprising. 

In the case discussed here, choosing the system containing LiOH and a synthetic 
inorganic ion exchanger, the similarity of chemical binding in the two phases is 
effectively avoided and the separation factors obtained are much larger. 

FUNDAMENTAL 

The separation factor of isotopes A and B between the exchanger of high cross- 
linkage and the external solution phase of low concentration is expressed as follows: 

rB (Total amount of B in the exchanger) 

i3 a — ~ —I 

(Total amount of A in the exchanger) 

(Total amount of A in the external solution) 

(Total amount of B in the external solution) 

__ + m EB m A * -l-ro^ 

m A ♦ + m B + + m BX 

or 

InS® = i 3*'m A * +ln ™b+ + ™eb ln ”» A ++ ™ax 

rPi A * m B . m A * +m EA m B + m B * + m BX m A + (2) 

= ln ‘ m A* _ j n ™b* '^ba | i n w R* m AX 
tfi A * • m B + ni A * • m m m A + • % 


1145 



1146 


H. Kakihana, T. Nomura and Y. Mom 


Tabu 1. 


Ion exchanger Separation factor (S$) Researchers 


Decalso 

1-022 

Taylor, UreyO' 

Zeo-Karb H. I. 

> 1 

Glueckauf et «f.t» 

Dowex 50-X10 

1-0065 

Gross, July's' 

Decalso 

1-0058 

Sessions et a/.' 4 ' 

Dowex 50W 

1-0027 

Blanco et alS s) 

Dowex 50 

1-0025 

Stadier et alM> 

Zeo-Karb 225 

> 1 

Davies et al .< 7 > 

Dowex 50-X 12 

1-001 ~ 

Menes et o/.< 8 > 

Amberlite IRC 50 

1-002 


Dowex 50-X 12 

1 002 

Perret et a/.'»> 

Zeolithe “Prolabo” 

1-004 


Dowex 50-X2 ~ X 24 

1 0006 ~ 1 -0038 

Lee, Begun' 10 ' 
(Glueckauf'>») 

Dowex 50-X 16 

1 0023 ~ 1-005 

Lee' 1 *- >3) 

lonac C-100 

1-0049 

Lindner, Berqdahl' 14 ' 

Diaion SK1-X 35 

1 -006 (LiCl) 

1 -012 (LiOH) 

Kakihana et alMS ) 

Ionite C 

1-015 (LiCl) 

1-022 (LiOH) 

Kakihana ef a/.' 15 ' 


<i> T. I. Taylor and H. C. Urey, J. Chem. Phys. 5, 597 (1937); 6, 429 (1938). 

' l > E. Glueckauf, K. H. Barker and G. P. Km, Disc. Faraday Soc., No. 7, 199 (1949). 

<3> J. H. Gross, AECD-2952 (1950). 

S. H. Jury, ORNL Report CF-52-8-218 (1952). 

< 4 ' R. I. Sessions, A. H. Kibbey, J. T. Roberts and R. E. Blanco, ORNL Report CF-53-6- 
241 (1953). 

<31 R. E. Blanco, A. H. Kibbey, J. I. Land and J. T. Roberts, ORNL Report CF-53-1 1-47 
(1953). 

<«> M. H. Stadier, J. K. Brody and J. I. Mech, Summary Report of Chemistry Division, 
p. 23. July 1, 1953-March 31, 1955, ANL-5450 (1955). 

< 7 ' C. W. Davies and B. D. R. Owen, J. Chem. Soc. 1676 (1956). 

<*' F. Menes, E. Saito and E. Roth, Proceeding of the International Symposium on Isotope 
Separation, p. 227. North Holland Publishing Co., Amsterdam (1958). 

<»> L. Perret, L. Rozand and E. Saito, Proceedings of the Second International Conference 
on Peaceful Uses of Atomic Energy, Geneva, 1958, A/Conf. 15/P/1267. United Nations 
(1958). 

< 10 > D. A. Lee and G. M. Begun, J. Amer. Chem. Soc. 81,2332 (1959). 

(n* E. Glueckauf, J. Amer. Chem. Soc. 81, 5262 (1959). 

«*' D. A. Lee, /. Phys. 6hem. 64, 187 (I960). 

<»> D. A. Lee, J. Amer. Chem. Soc. 83,1801 (1961). 

(14 ' R. Lindner and T. Bergdakl, Z. Elektrochem. 64,919 (1960). 
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. « (1 + W^*/^Eb) 4 (14~»t»-»/W*gx) 
~ ' (l+m A */m AX ) 


(3) 


__ ' 

where m A *. m B », and % denote the molalities of the ions A + and B + , and 
those of the molecules or ion associations AX and BX in the external solution phase, 
and m A +, w B +, and denote the molalities in the exchanger phase analogously. 

In a solution of the ions A + and B + , and the molecules or ion associations, AX 
and BX, at isotopic equilibrium with the ions adsorbed on a cation exchanger having 
some possibility of forming molecules or ion associations EA and EB, the equilibria 
involved are tentatively described by the equations: 

(a) Ion exchange reaction 

fA' l ") rr ».... r - -f (B + )«xum*l Eolutloc 5=^(8 ) ex ch« n ger4‘(A. )««*ra»[ tolutlon 

( 4 )* 


fh 

(b) Isotopic exchange reaction in the exchanger 


(A + ), 


or 


EB ; 
EA; 


+ EB^(B + ), 


(B + ), 

1 (A + ), 

- m n 


+ EA 


IK E 


rfi 


+ E‘ 
+ E‘ 

EA 


( 3 ) 


m. 


m 


EB 


(c) Isotopic exchange reaction in the external solution 

(A + )„tern»l toludoa +BX^(B ) exte ra»l lolutloa 
or 

BX ^ (B*) exIJlull «4uut,r +X- 

/ . • r— A Luml solution K 


+ AX 


A^X - 


' m AX 

m. 


’‘A’ ‘ m BX 

Substituting Equations (4), (5) and (6) in Equation (3) and rearranging 
In Si = In K^t - In #C E + In %K X 

* 5*e-i U 1+ \ 

I \ J+("»Ax/ m A*)/ 


In K a 
+ ln| 


( 6 ) 


(7) 


\ 1 + l+(»BBa/* A *)y_“\‘ ' l+( m Ax/"*A 
With the isotopes A and B, the values for \K h and \K X are to be quite near to one 


except in very special 
Equation (7) becomes 


cases (e.g. H and D). Hence with good approximation 


In S\ = In Xj: - In »X B + In B A K X +- 




-1 


£K X -1 


._ ( 8 ) 

1 +(«ba/^a 0 J+^ax/wa*) 

When both the external solution and the exchanger phase contain very small amounts 
of the ions compared to the amounts of the molecules or ion associations 
( m Ax>»»A + and ^ea >w A +), Equation (8) is reduced approximately to 

In Si - In Kl t + In - In ^X E (8') 

When the exchanger phase contains no appreciable amount of the molecules or ion 
associations (m A + > ffijJ, the following equation is obtained instead of Equation (7). 

1- Si -1. +1-;x x - m(n- , 4m^ T ) ) <r) 

* For the rigorous thermodynamical consideration of X A +, please refer to (16) and (23). 
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With good approximation. 

If the external solution has very small amounts of the ions compared with the amounts 
of the molecules or ion associations m A *), an approximation gives 

In S®~ln X«; + lnBX x (9') 

Similarly the following equations are obtained for the system co nsis t ing of 
a strong-electrolyte external solution phase (r?i A + S> m >kJC ) and an exchanger phg s* 
having some possibility of forming molecules or ion associations 

In S® = In K *t - In ® A E + Inf 1 + —*** - ,{ ) (7") 

\ + (" i ha/"W 

In S® = In - In ®K B + r ffg = ~|; (10) 

I+Ohba/waO 

In S® = In X®: - In (10') 

For a system consisting of a strong-electrolyte external solution phase and a 
strongly ionized ion exchanger phase: 

ms» = lnX®: ( 11 ) 

These fundamental equations for the separation factor of isotopes indicate how 
a larger separation factor might be obtained. 

(1) A system containing molecules or ion associations in the exchanger phase 
or in the external solution phase may have chance of giving a larger separation 
factor than a system containing only strong electrolytes in both phases. 
[Equation (9), (9'), (10) and (100]. 

(2) In the case mentioned above, the larger the amounts of molecules or ion 
associations, the larger the separation factor that may be obtained. [Equation 
(9) and (10)]. 

(3) A system containing molecules or ion associations both in the exchanger 
phase and in the external solution phase may not give a larger separation factor 
because of the cancellation of \K X and \K n . [Equation (8) and (8')]. 

However, if we choose an exchanger having the ability to form a different type of 
chemical binding with the isotopes from that in the external solution, the cancellation 
may be avoided and a larger separation factor may be obtained. Again the larger the 
amounts of molecules or ion associations both in the exchanger phase and in the 
external solution phase, the larger the separation factor that can be expected. 
[Equation ( 8 )]. 

% EXPERIMENTAL 

Stock solution of lithium chloride was prepared from lithium carbonate of high purity 
(99-8 per cent or better) and hydrochloric add of analytical grade. The stock solution was 
diluted with a suitable amount of ethanol (or acetone) and water to prepare the sample 
solution for the equilibrium experiments in the, case of LiCI systems. 
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Lithium hydroxide solutions were prepared just before each of the equilibrium experi¬ 
ments of LiOH systems by passing a solution of lithium chloride through a column of the 
strongly basic anion exchange resin Diaion SA # 100* in the hydroxide form. Besides the 
commercially supplied cation exchange resins Dowex 30-X4, X8 and XI6, sulphonated 
highly cross-linked polystyrene resins Diaion SK # 1-X24* and X35* (the figures after X 
indicate the nominal percentage of divinylbenzene in the copolymer) and a synthetic 
inorganic ion exchanger Ionite Ct (zirconium phosphate type) were used. i‘ 

About 800 ml of the sample solution was passed very slowly through a small column 
containing about 0-5 ml of the exchanger in the hydrogen form. The lithium ion adsorbed 
on the column was recovered by eluting with 1 M hydrochloric add. After evaporating 
the excess hydrochloric acid, the lithium chloride was dissolved in a water-ethanol mixture 
containing 40 per cent ethanol, and converted to lithium iodide on a column of the anion 
exchange resin Diaion SA # 100 in the iodide form. Just before placing the sample into the 
mass spectrometer, the lithium iodide solution was evaporated to dryness with the addition 
of hydroiodic add. The lithium chloride in the original sample solution was also converted 
to lithium iodide by a similar procedure. The isotopic ratios of lithium were determined 
both for the lithium adsorbed on the exchanger and the lithium in the original sample 
solution with a Nier-type 60 degree mass spectrometer Atlas CH 4 using the thermionic 
method. Although details of the experimental techniques were described in other paper,! 
a comparison of two different series of measurement for the same sample is shown in Table 2. 


Table 2.—Example of mass spectrometric analysis 


. 7 Li 

isotopic ratio ^ 

Peak No. 

Measurement No. 1 

Measurement No. 2 

1 

12-27* 

12-32, 

2 

12-302 

12-26; 

3 

12-306 

12-27, 

4 

12-27, 

12-25, 

5 

12-28, 

12-28; 

6 

12-27* 

12-31, 

7 

12-28; 

12-29* 

8 

12-28i 

12-29, 

9 

12-28, 

12-31* 

10 

12-32, 

12-33, 

11 

12-32, 

12-29, 

Mean 

12-29* ±0-02 

12 29; ±0-02 


RESULTS AND DISCUSSION 

The value obtained for systems containing LiCl in the external solution are 
summarized in Table 3, 4 and 5. It is well known from ion exchange studies that the 
separation factor is dependent upon the size of the solvated ion and also upon the 
degree of cross-linking m ion exchange resin. The influence of the degree of cross-link- 
<ng on the separation factor of the isotopes that was found by Lee and Begun for lithium 
isotopes< 10 > and by us for nitrogen isotopes (I6) seems to be reconfirmed by the values 

* Products of Mitsubishi Chemical Ind. Ltd., Japan, 
t Our laboratory name, 
t Submitted to “Mass Spectrometry” (Japan). 

<16) H. Kakihana, T. Nomura and K. Kodaira, /. Atomic Energy Soc. Japan, 1,433 (1959). 
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Table 3. 

S? <0-1 M Lid) 


Ethanol 

(vol %) 


X4 

Exchanger 

X8 

X16 

X24 

X35 

0 


1-001 

1-001 

1-004 

1-004 

1-005 

60 


1-003 

1-004 

1-006 

1-006 

1-006 




Table 4. 







Sf (30% ethanol) 






Exchanger 





LiCl 







(M) 


X4 

X8 

X16 




0-1 

1-001 

1-003 

1-005 




0-3 

1-000 

1-002 

1 005 




1-0 

1-000 

1-003 

1004 



shown in Table 3 and 4 even considering the possible error of the isotopic mass analysis 
The very small influence of the addition of ethanol on the separation factor is apparent 
in Table 3, as in the case of nitrogen isotopes* 16 ’' 7 ) and sodium isotopes. n8. 19 , 20 ) 
The influence of the concentration of lithium chloride m the external solution can not 
be confirmed in Table 4 within our experimental accuracy. 

While the values of the separation factor with sulphonated cross-linked poly¬ 
styrene resins lie between 1 -000 and 1-006, larger values up to 1-015 shown in Table 
5 were obtained with the synthetic inorganic ion exchanger Ionite C. In the case 
of the systems of lithium chloride with sulphonated resins, both the ion exchanger 


Table 5. 

Ionite C (0-1 M LiCl) 


Ethanol (vol %) 

0 

20 

40 

60 

S* 

1-013 

1-015 

1-013 

1-014 


phase and the external solution phase can be considered to be strongly ionized 
or scarcely having molecules or ion associations. Therefore, the separation 
factor for such systems can be simply expressed by Equation (11). On the 
other hand some kinds of phosphoric acids in the synthetic inorganic ion exchanger 
may have some possibility of forming a slightly ionized species with lithium. Therefore 
the separation factor with the synthetic inorganic ion exchanger in lithium chloride 
solution can be more reasonably expressed by Equation (7"), (10) or (10'). 

< 17 > H. Kakihana, T. Nomura and K. Kodaira, J. Atomic Energy Soc. Japan, 3, 519 (1961). 
d»> H. Kakihana, T. Nomura, H. Fukutomi, H. Ohtaki and K. Yamasaki, J. Atomic 
Energy Soc. Japan, 1,46 (1959). 

(1 »> H. Ohtaki, H. Kakihana and K. Yamasaki, Z. Phys. Chem, 21, 224 (1959). 

(20) H. Ohtaki, Z. Phys. Chem. 27, 209 (1961):*- 
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The values obtained for the systems containing LiOH in the external solution 
are summarized in Table 6. As shown in Table 6 the system of the sulponated cross- 
linked polystyrene resins in 0-1 M lithium hydroxide aqueous solution gave values 
between 1*005 and 1*008. These slightly higher values may be attributed to the 
presence of small amounts of undissociated species LiOH in the external solution (21 > 22 > 
and can be explained by Equation (7') or (9). The systems of the same resins in 
01 M lithium hydroxide acetone-water mixture gave higher values 1*012 and 1*011. 


Table 6. 
rf (01 M LiOH) 


Acetone 
(vol %) 


Exchanger 

X24 

X35 

Ionite C 


0 

1*005 

1*008 

1-016 


20 

1*012 

1*011 

1*022 


It is evident that the addition of acetone results in the increase of the concentration 
of undissociated species LiOH. Therefore, absolute values for the third term of the 
right hand side of Equation (9) should be smaller for the acetone-water mixture 
systems than for the aqueous solution systems, and the cancellation of the second 
term with the third term can be better avoided in the case of the acetone-water mixture 
systems. This may be the reason why the higher values were obtained for the 
acetone-water mixture systems. The separation factor with the synthetic inorganic 
ion exchanger in lithium hydroxide solution can be reasonably expressed by Equation 
(7) or (8). The high values obtained for the systems may be attributed to the good 
combination of the three constants and ®AT X (in this case K%1, f K n and jKqh). 

Again the preferable effect of the addition of acetone was observed obviously. 

CONCLUSION 

As the fundamental Equation (8), (9) and (10) predict, the higher values for the 
separation factors of the lithium isotopes are obtained in the following systems. 

(1) 1 *013-1 015 for the system of strong electrolyte, LiCl, in the external solution 
with the weakly acidic inorganic cation exchanger, Ionite C (zirconium phosphate 
type). 

(2) 1 *005-1 *008 for the system of a weaker electrolyte, LiOH, in the external 
solution with the strongly acidic organic cation exchange resin. The separation 
factor reaches 1 *012 when acetone is added to the system to reduce the dissociation 
constant of LiOH. 

(3) 1*016 for the system of LiOH in the aqueous solution with the weakly acidic 
inorganic cation exchanger (Ionite C). The value 1 022 is obtained by adding 
acetone. 

Very low separation factors (1 000-1 *006) were obtained for the system of strong 
electrolyte, LiCl, in the external solution with the strongly acidic (sulphonic acid) 
cation exchange resins. 

(21) H. S. Harned and H. R. Copson, J. Amer. Chem. Soc. 55,2206 (1933). 

(22) R. A. Robinson and H. S. Harned, Chem. Rev. 28,419 (1941). 

(2 ' 1) H. Kakihana, T. Nomura and H. Ohtaki, Bull. Tokyo Inst. Tech., Senes-B, No. 1, 
p. 1 and p. 14. 
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HIGHER OXIDATION STATES OF SILVER—II 

REACTION OF OZONE WITH SILVER a) 

COMPLEXES IN NON-AQUEOUS SOLVENTS* ll 

J. Selbin and B. Shamburger 

Coates Chemical Laboratories, Louisiana State University, Baton Rouge, La. 

{Received 7 February 1962; in revised form 26 February 1962) 

Abstract —The ozonization of bis(orthophenanthroline)-silver(I) nitrate has been investigated 
in thirteen non-aqueous solvents both with and without the addition of several Lewis acids. 
The solvents included (1) dimethylsulphoxide, (2) dimethylformamide, (3) chloroform, 
( 4 ) carbon tetrachloride, (5) benzene, ( 6 ) acetonitrile, (7) n-heptane, ( 8 ) ethyl acetate, 
( 9 ) tetrahydrofuran, ( 10 ) acetic anhydride, ( 11 ) glacial acetic acid, ( 12 ) nitromethane, 
( 13 ) nitroethane. The Lewis acids included anhydrous aluminium chloride, anhydrous 
lron(III) chloride, boron trifluoride and silver(I) ion. The oxidation of the silver(I) complex 
to the silver(II) complex occurred only in the protonic acid solvents, (11), (12) and (13), 
but the silver(II) complex could be isolated only from acetic acid. Mechanisms of ozonization 
are proposed which involve the enhancement of the electrophilic character of the ozone 
molecule by the proton of the particular solvent. 

Several complexes of silver (I)t may be oxidized to the corresponding silver (II) 
complexes either electrolytically or with oxidizing agents such as ozone, peroxydisul- 
phate ion, cerium (IV) ion, lead dioxide or silver (II) oxide.* 1 * The use of ozone as the 
oxidant for silver (I) complexes has been limited to aqueous solutions* 2 ^) and more¬ 
over, these solutions must be acidic or the reaction will not proceed. 

Noyes and co-workers* 4 * have made an extensive investigation of the oxidation 
of Ag + by O 3 in nitric acid solution. From their rate data they have postulated the 
intermediate formation of Ag(III) according to the equations: 

Ag + + 03 -»Ag 0 + + 0 2 (slow) 

AgO + +Ag + +2H + -»2Ag 2+ +H 2 0 (fast) 

The reaction does not go to completion, but results in the establishment of 
a steady state, because of the reduction of the dipositivc state by water with the 
evolution of oxygen: 

4Ag 2 ++2H 2 0-4Ag + +4H++0 2 

It is of interest to note that the Noyes et al. mechanism indicates that the 
oxidation rate does not depend appreciably upon the H + concentration. However, 
it should also be pointed out that their studies were carried out in very strong nitric 
acid solutions, rendering indeterminable the exact role played by the H + . 

* Taken in part from a thesis submitted in partial fulfillment of the requirements for 
the Master of Science degree at Louisiana State University, 1961. 

t It is interesting to note that except for porphyrins, all ligands which have been found 
to stabilize silver(II) contain a pyridine or pyridine-like nitrogen donor atom. 

j'* J A McMillan, Chem. Revs. 62, 65 (1962). 

"* A. Malaoutj, Attl accad. nazl. Lincei, Rend, classe sci. fis., mat. e. nat. 9, 349 (1950); 
Chem. Abstr. 45, 4596 (1950). 

A. Malaqutt, and T. Labianca, Gazz. chim. ital. 84,976 (1954). 

A. A. Noyes, J. L. Hoard and K. S. Pitzer, J. Amer. Chem. Soc. 57, 1221 (1935); 

A, A. Noyes, C. D. Coryell, F. Sttutt and A. Kossiakoff, Ibid. 59, 1316 (1937). 
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j Wibaut and co-workers < 3 > have observed the electrophilic nature of the ozone 
molecule in the ozonization of organic molecules. They have also demonstrated that 
the electrophilic activity may be catalysed by Lewis acids.< 6 > We may picture this 
enhancement of the electrophilic character in the following way: 


'<2 \$e 


o 

y\\, 

Jb - 9/1 


♦ A 


§ 

i^ ^0_—-»A 

5 


/ 0 N ^ 

& " 0/ ® 

3 4 


+ A 


f\ 

® / 0. 


The structures 1,2,3 and 4 are the resonance forms generally accepted for the ozone 
molecule, with 1 and 2 expected to be of slightly lower energy than 3 and 4 (since 
the charge separation is about 0-90 A greater in the latter two). The Lewis acid is 
represented by A and the Lewis acid-base adduct may be pictured as a resonance 
hybrid of structures 5 and 6, and with 5 being of lower energy. 

It appeared likely to us that the necessity for acidic conditions for the effective 
ozonization of silver(I) complexes in aqueous solutions might be related to the 
enhancement of the electrophilic nature of the ozone molecule by the Lewis acid, 
the hydronium ion. (It might be pointed out that the oxidation of several Pt(II) 
complexes to Pt(IV) complexes* 7 ) as well as the oxidation of Am(III) to Am(VI)* 8) 
and the oxidation of Pu(IV) to Pu(VI)®> occur in aqueous acid solution.) In order 
to test the possible generallity of this mechanistic proposal, we have investigated the 
ozonization of bis (orthophenanthroline)-silver(I) nitrate in a number of non-aqueous 
solvents, both with and without the addition of several well-known Lewis acids. 
The choice of this particluar compound was based upon its known behaviour toward 
ozonization in aqueous solution (in which it is quantitatively and rapidly oxidized to 
the silver(II) complex), its partial solubility in several non-aqueous solvents and the 
clear-cut colour change, from pale yellow to dark maroon, which takes place upon 
oxidation. The solvents employed included (1) dimethylsulphoxide, (2) dimethyl- 
fonnamide (both of which were readily attacked by the ozone), (3) chloroform, (4) 
carbon tetrachloride, (5) benzene, (6) acetonitrile, (7) n-heptane, (8) ethyl acetate, 
(9) tetrahydrofuran, (10) acetic anhydride, (11) glacial acetic acid, (12) nitromethane 
and (13) nitroethane. The solvents were saturated with sodium nitrate prior to the 

< 5> J. P. Wibaut and H. Boer, Rec.Trav. Chim. 74,241 (1955), and earlier papers, especially, 
J. P. Wibaut, F. L. J. Sixma, L. W. F. Kampschmidt and H. Boer, Ibid. 69, 1355 (1950) 

<«) F. L. J. Sixma, H. Boot and J. P. Wibaut, Ibid. 70,1005 (1951). 

< 7 > L. Chuoaev and V. Kloptn, Z. Anorg. Chem. 151, 253 (1926). 

<«> M. Ward and G. A. Welch, /. Chem. Soc. 4038 (1954). 

<Hg). W. Grant, /. Inorg. Nucl. Chem. 6,-69(1958). 
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reaction in order to effect precipitation of the silver(II) complex should it form in 
solution. The Lewis adds used induded anhydrous alumimum chloride, anhydrous 
iron(El) chloride, boron trifluoride and silver® ion. 

EXPERIMENTAL ' , 


A. Materials 

Bis(orthophenanthroline)-silver(I) nitrate and perchlorate were prepared by bringing 
together aqueous solutions of the ligand and the particular silver salt. The yellow products 
were washed with ethanol and dried in a vacuum desiccator over magnesium perchlorate 
for two days. (Found: Ag, 20-56; C, 54-02; H, 3 21; N, 13-08. Calc, for Ag(C, 2 H 8 N 2 ) 2 N0 3 : 
Ag 20-35; C, 54-36; H, 3-03; N, 13-21%) and (Found; Ag, 19 51; C, 51-09; H, 3-09; 
N, 9 57. Calc, for Ag(C 12 H,N 2 ) 2 C104: Ag, 19-00; C, 50-77; H, 2-83; N, 9-87%). 

The silver®) complexes were prepared by ozonizing acidic solutions of the silver® 
complexes. The solutions were saturated with the sodium salt of the particular anion. The 
resulting maroon products were washed with water and dried in the same way as the silver® 
complexes. (Found: Ag, 18-5; C, 49-02; H, 3-02; N, 13-92. Calc, for Ag(Ci 2 H»N 2 ) 2 (N0 3 ) 2 : 
Ag, 18-22; C, 48-67; H, 2-71; N, 14-19%) and (Found: Ag, 15-9; C, 43-47; H, 2-66; N, 8-21. 
Calc for Ag(C 12 H,N 2 ) 2 (C104) 2 : Ag, 16-17; C, 43-20; H, 2-40; N, 8-39%). 

Ozone was obtained from a Welsbach Model T-23 laboratory ozonizer utilizing tank 
oxygen which was predried by passage through columns packed with magnesium perchlorate. 
The gaseous stream had a flow rate of approximately 0-3 l./min and contained 2 to 3 per cent 
ozone m oxygen. The reactions were carried out in a gas adsorption bottle fitted with a 
course sintered glass filter. 

B. Procedures 

The general procedure was as follows. The particular solvent was saturated with 
sodium nitrate, the silver® complex was added and the mixture ozonized for approximately 
two hours. If the desired reaction failed to occur (a colour change from yellow to maroon 
is indicative of this reaction), fresh solutions were prepared separately for each of the Lewis 
acids: anhydrous Al 2 Cl6, anhydrous Fe 2 Cl«, BFj and, in some cases, AgN0 3 . Ozonization 
of each mixture was then carried out for the same length of time. If the complex and/or the 
Lewis acid was insoluble in the particular solvent, the reacUon vessel was shaken on a 
Burrell Wnst-Action shaker during the course of the reaction. All reactions were carried out 
at room temperature (25-27°C) and at 0°C and -8°C. Other experiments involved 
premixing the ozone gas stream with gaseous BF 3 prior to its introduction into the reaction 
vessel. In certain cases, when BF 3 was employed as the catalyst, a white precipitate formed. 
This was found to occur even in the absence of ozone or the silver complex. Although we 
did not identify the white precipatate, it may most likely be attributed to a reaction between 
BF 3 and the nitrate salt. Baumgarten and Bruns ' 101 showed that boron oxyfluoride and 
the corresponding metal fluoride or fluoborate may form under these circumstances. When 
the precipitate appeared, sodium nitrate was added to the reaction vessel periodically 
throughout the ozonization. 


RESULTS AND DISCUSSION 

The ozonization of [Ag(o-phen)2] NO3 to [Ag(o-phen)2] (NC^ occurred in 
only three of the thirteen non-aqueous solvents investigated. These were glacial acetic 
acid, nitromethane and nitroethane. No Lewis acid was necessary in these solvents 
and in none of the other solvents did the addition of a Lewis acid bring about the 
oxidation of the silver complex. It is significant that these three solvents are the only 
protonic acid solvents which were tried. 

' 10) P. Baumgarten and W. Bruns, Ber. Disch. Chem. Ges. 72, 1753 (1939). 
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' The silver(I) complex was quite soluble in acetic acid. Within two minutes after 
ozonization was begun in this solvent the solution turned a maroon colour, and after 
one hour a maroon precipitate had collected. It was shown to be the silver(II) com¬ 
plex in every way including its infra-red spectrum (which is very slightly different 
from that of the silver(I) complex) and its visible-ultra-violet spectrum in glacial 
acetic acid (which is quite different from that of the silver(I) complex). 

The silver(I) complex is very soluble in both nitromethane and nitroethane and 
the experimental results were identical in both of these solvents. The colour of the 
silver(II) complex appeared within one minute after ozonization began. At the end 
of 2 hr of ozonization the solution was deeply coloured, but no solid product had 
settled out as was the case with the acetic acid solution. Furthermore, after ozoniza¬ 
tion was terminated and the reaction vessel swept free of ozone, the solution became 
colourless within 2-3 min at room temperature. It was found that the decomposition 
of the maroon product was greatly retarded by lower temperatures and at dry-ice 
temperature the colour could be maintained a full day. The visible spectrum of the 
ozonated nitroalkane solution, obtained by circulating ice-water through a thermo¬ 
static cell holder, agreed exactly with that obtained from a nitroalkane solution of the 
silver(II) complex. However, the maroon product could not be isolated from the 
nitroalkane solution by addition of sodium nitrate, water, ethanol or dilute perchloric 
acid. It should be noted at this point that the silver(II) complex (which had been 
prepared in aqueous solution) dissolved in nitromethane shows no tendency to 
decompose in the above manner and is stable for weeks in this solvent. 

Several additional observations of the ozonated nitroalkane solutions were made. 
If the perchlorate salt of the silver(I) complex ion were substituted for the nitrate 
salt, nitrate ion would still be found in the ozonated solution. Formic acid was 
detected in the nitromethane solution and acetic acid in the nitroethane solution at the 
end of the reaction. Also, we established that both formaldehyde and acetaldehyde 
will reduce the silver(II) complex dissolved m the nitroalkanes in a moderately slow 
reaction which is retarded by lower temperatures. 

All of these qualitative results have led us to some tentative suggestions concerning 
the mechanisms of the reactions which are occurring in the non-aqueous systems. 
In the following series of reactions Ag(T) and Ag(II) represent die silver(I) and silver(IJl 
complexes, respectively. 


*«(*> + rf *'Ag < II) + Oj +OH 

/ 

+ 0 =)N» + '%>© 

<31/Oj \ Ag(ll) 

/ <*>\ (51 

RCOOH Ag( I) 

NO j 

We propose that in reaction (1) the proton from the acidic solvent molecule en¬ 
hances the electrophilic character of the ozone molecule by forming the adduct shown. 
This enables the ozone to effectively attack the silver(I) complex and the products 
are oxygen, the silver(II) complex and the hydroxyl radical (whiclTmay react with 



t 




// 


( 2 ) 


Oz 


\0 s e 



\ 

Higher oxidation states of silver—II 


1157 


another radical to produce hydrogen peroxide, but this is pure speculation). Ozone 
may then attack the negative ion of the solvent by the mechanism shown in reaction 
(2), which is analogous to the well-known ^-elimination reactions. The products of 
this reaction would be molecular oxygen, aldehyde and nitrate ion, as indicated. 
Ozone would attack the nitrate ion (reaction 5), oxidizing it to the nitrate ion, which 
was found in the reaction products. Ozone would also slowly oxidize the aldehyde 
to peroxyacid (reaction 3). However, this reaction may well be in competition with 
(reaction 4), the reduction of the silver(II) complex by the aldehyde. This could 
account for the observed strongly temperature dependent instability of the silver(II) 
complex in the nitroalkane solutions which have been subjected to ozonization. 

The proposals made above must be considered quite tentative at the present time 
and we are investigating further the nature of the ozonization of silver(I) complexes 
m both aqueous and non-aqueous solvents. 

Acknowledgements —The authors are grateful to the Research Corporation for financial 
support of part of this research and to Professor J. G. Traynham for helpful discussions. 
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HEAT OF ISOMERIZATION OF PEROX YNITRITE TO 
NITRATE AND KINETICS OF ISOMERIZATION OF 
PEROXYNITROUS ACID TO NITRIC ACID* 

J. D. Ray 

School of Chemistry, Georgia Institute of Technology, Atlanta 13, Georgia 

{Received 13 November 1959; in revised form 22 February 1962) 

Abstract —The reaction between hydrogen peroxide and nitrous add at 0° results in high 
yields of the rapidly formed intermediate peroxynitrous add which isomerizes to nitric add 
at a slower rate. By stopping the reaction with the addition of base at various times and 
measuring the total heat evolved in a calorimeter it was possible to determine the rate 
constant for isomerization to be 0 099 sec - * at 1°. The heat of isomerization of the peioxy- 
nitnte ion to the nitrate ion was deduced to be —38 8 -2 kcal/mole in dilute aqueous solution 
at 1°. 

Kinetic studies of the reaction between nitrous acid and hydrogen peroxide<l«2.3) 
at low concentrations of the latter reagents are in agreement that the rate expression 
is predominately expressed by: 

= K h 2 o 2 ) (hono)(h + ). 0) 

Results of the present study are in agreement with (1) and the following mechanism: 
H + +HONO+H 2 0 2 * HOONO+H 2 0+H + ki 
HOONO — HONg k 2 

N0 2 + HOONO = HON8+NO; * 3 

HOONO = H0+N0 2 k 4 

The present study differs from the kinetic studies m having concentrations of re* 
agents adjusted so as to obtain a concentration of the intermediate peroxynitrous 
acid that is nearly quantitative with respect to conversion of nitrous acid to 
peroxynitrous acid. The present experiments thus are similar to those carried out 
by Gleu and Hubold< 4 >. 

Materials and methods. “Baker's Analysed" 31 -9 per cent hydrogen peroxide was used 
in all experiments. Du Pont nitric acid of 70 per cent concentration was used. The sodium 
hydroxide was obtained from a bottle of its concentrated aqueous solution in which it had 
been standing for several days so as to settle the carbonate. All of these reagents were 
pipetted from their concentrated soluuons. The potassium nitrite was part of a preparation 
previously used.< 3 > 

•Presented at the Southeastern Regional Meeting of the American Chemical Society, 
Birmingham, Ala., Nov. 3-5, 1960. 

111 E. Halfpenny and P. L. Robinson,/. Chem. Soe. 928 (1952). 

(J > M. Anbar and H. Taubb, /. Amer. Chem. Soc. 76, 6243 (1954). 

<3) E. A. Shilov, A. A. Rybakow and H, A. Pal, Chem. Zbl. II, 377 (1931). 

E. A. Shilov and Z. S. Stepanova, Zh. Fiz. Khim. 24, 820 (1950); Chem . Atptr . 43 , 
4121 (1951). 

E. A. Shilov, Zh. Fiz. Khim. 27,1103 (1953); Chem. Abstr. 49,5937a. 

Ui K- Gleu and R. Hubold, Z. Anorg. Chem. 223, 305 (1935). 

(5) J. D, Ray and R. A. Ooo, Jr., /. Phys. Chem. 60, 1599 (1956). 
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; The calorimeter solutions after reaction were analysed by potentiometric titration of 
excess H 2 O 2 with hypochlorite at pH 12 using platinum and normal calomel electrodes 
The nitrite was determined with permanganate. 

The calorimeter and its calibration by using the heat of water vapourization as the 
energy standard have been described previously. (6) The calorimeter was placed in a con- 
‘ taincr of crushed ice so as to minimise temperature drift. All calorimeter reactions reported 
in this article were carried out with all of the reagents at about 0°. The defined thermochemical 
calorie was used for calculations. 

Heat of isomerization of peroxynitrite to nitrate. Fig. 1 is a plot of observed tem¬ 
perature rise of the calorimeter as a function of the number of seconds between 
addition of acid followed by base to the calorimeter. Inasmuch as the rate of de¬ 
composition of peroxynitrite ion is very slow, it is possible to trap peroxymtrous 
acid in the form of peroxynitrite by the addition of a strong base. Since the reactions 



Seconds between addition of acid and base 
Fia. 1.—Observed temperature rise of calorimeter as a function of the number 
of seconds between addition of acid and base. The dashed line intersects the 
temperature axis to indicate the temperature rise associated with quantitative 
peroxynitrite formation. The shape of the curve is due to the first order 
reaction HOONO = HONg. 

being studied are much too rapid to be followed by means of the temperature change 
as registered on a Beckman thermometer, the observed temperature changes shown 
on Fig. 1 correspond to those involving both acid and subsequent base addition. In all 
cases represented by plotted points except that at zero time the calorimeter contained 
500 ml of a solution containing 3-000 g of potassium nitrite and 5-00 ml of 31 -9 per 
cent hydrogen peroxide. The point at zero time involved only the acid and base but 
no nitrite or peroxide. Solutions of 4-00 ml of 70 per cent nitric acid and 5-00 ml of 
46 per cent sodium hydroxide both of which had been diluted to 50 ml were added to 
the calorimeter in a manner to effect rapid mixing. The acid and base-solutions were 
put in 100 ml beakers which were placed in a container of crushed ice next to the 
calorimeter. The beakers of acid and base were stirred with thermometers having 

D. Ray, Rev. Sci. Instrum. 26, 863 (1956). 
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0 - 1 ° graduations so that temperature drifts could be followed. The acid and base 
solutions were not just poured in but rather literally “thrown” downward out of the 
beakers into the calorimeter so that mixing was effected in approximately one second. 
The two low points near zero time on Fig. 1 indicate some time lag in mixing. The 
stirring paddle was very effective so that the limiting factor in mixing time was simply 
getting the solutions out of the beakers. 

In the present study the reaction of peroxynitrous add to form nitric acid can 
be represented as a first order process. Thus, after the first 2 or 3 sec, all of the nitrite 
ion has been consumed in making peroxynitrous acid. Therefore, step k 3 is not active 
beyond the first short period of time that it takes nitrous acid to be formed from 
nitrite. Shilov and Stepanova< 3) suggest that the isomerization may proceed through 
an acid catalysed step. But the data of Fig. 1 were plotted as the logarithm of the 
calorimeter temperature rise at infinite time between addition of acid and base minus 
the temperature rise corresponding to actual time intervals to obtain a straight line 
between about 3j- sec and 50 sec. The derived rate constant may actually be pseudo 
first order and include the hydrogen ion concentration. 

When the data of Fig. 1 are plotted on log paper as described above, the data 
extrapolate as indicated by the dashed line of Fig. 1 with intercept 2 03° rather than 
extending down to intersect the temperature rise axis at 1-35°. The 1-35° intercept 
represents the observed temperature rise associated with just the heat of acid-base 
neutralization and dilution effects in the absence of KN0 2 and H 2 0 2 . The calculated 
value for this rise, 1 -38°, based on the energy equivalent of the calorimeter, 640 cal/°C 
is within the precision of the calorimeter and reflects a small amount of acid retained 
in the beaker. The difference between the 1-35° intercept and the extrapolated 
intercept at 2-03° represents the temperature change associated with the formation 
of peroxynitrite plus hydroperoxide ion and negligible dilution effects. The tem¬ 
perature rise, 0-22°, due to hydroperoxide formation was calculated from Joyner’s (7 > 
data. The temperature rise, 0-46° due to the reaction 

H 2 0 2 (soln)-f N0 2 (soln) = OONO ~ (soln)+H 2 0(soln) 
corresponds to a molar heat of reaction of —8-3 kcal and a heat of formation of 
peroxynitrite ion from the elements in the solution at 1° of —11 -4 kcal, and a heat of 
isomerization of peroxynitrite to nitrate of —38-1 kcal. 

The difference between the intercept at 2*03° and the temperature change 4-21° 
associated with infinite time elapsed between addition of acid and base is proportional 
to the heat of isomerization of peroxynitrite ion to nitrate ion, —39-4 kcal. This 
value corresponds to —10-1 kcal for the heat of formation of peroxynitrite ion from 
the elements at 1°. The difference in the two values for the heat of formation of 
peroxynitrite ion, —11-4 and —10.1 reflects neglect of concentration effects on 
standard heats of formation of the reaction species, uncertainty in the heats of form¬ 
ation of the species, and experimental precision. The average values are tJPrt* 
OONO” = —10-8 kcal and - noj = ~ 38-8 kcal. The precision is 

estimated as ± 2 kcal for both values. 

Rate of isomerization of peroxynitrous acid to nitric acid. The half-life of the isom¬ 
erization of peroxynitrous acid to nitric acid deduced from Fig. 1 and from a plot of 
the data on log paper is 7-0 sec which corresponds to a rate constant of 0*099 sec“> 
at a temperature of about 1°. 

{1) R- A. Joyner, Z. Anorg. Chem. 77,103 (1912). 
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SOME PHYSICAL PROPERTIES OF BORON 
TRICHLORIDE-PHOSPHINE 


P. A. Tierney, D. W. Lewis and D. Berg 
Westinghouse Materials Research Laboratories, Pittsburgh 35, Pennsylvania 

(Received 20 October 1961; in revised form 16 March 1962) 


Abstract—Vapour density measurements on C1 3 B:PH 3 indicate the complex is not 100 per 
cent dissociated in the gas phase at room temperature. Further evidence of association in 
the gas phase is obtained from the infra-red spectrum of the gases. The dipole moment of 
ChBtPHj in benzene solution is 5-2+0-ID. X-ray diffraction data for this addition 
compound and for Br 3 B:PH 3 are reported. 


The phosphine addition compound of boron trichloride was first prepared by Besson* 1 * 
from the reaction of equal volumes of boron trichloride and phosphine below 20°C. 
Gamble and Gilmont* 2 3 > prepared this compound from B 2 H 5 -2PH 3 by the reaction: 

B 2 H 6 -2PH 3 +6HC1-► 2BC1 3 :PH 3 +6H 2 (1) 

They reported that the compound is largely dissociated in the gas phase and that die 
pressure follows the relationship: 


logP 


1M37 


2810 

T 


In connection with an investigation of the preparation of boron phosphide we have 
confirmed the work of Gamble and Gilmont and have obtained additional information 
about this compound. 

EXPERIMENTAL 

Materials 

BClj was obtained from the Matheson Co. and purified through its nitrobenzene 
addition compound.< 5 6 > Phosphine was prepared from aluminium phosphide and water* 4 ) 
and fractionated on the vacuum line. Boron tribromide was prepared from aluminium 
bromide and boron tnfluonde according to the procedure of Gamble.* 5 ) Benzene was 
distilled over sodium on the vacuum line. 

Apparatus and techniques 

The vapour density measurements and pressure-temperature measurements were 
earned out in an all glass vacuum system using common techniques.*®) 

Preparation o/BCl 3 :PH 3 and BBr 3 :PH 3 

Equal volumes of phosphine and the appropriate boron halide were condensed into a 
reaction flask cooled to —196°C. A rapid reaction took place as the flask was allowed to 
warm to room temperature. The excess reactants were removed by opening the reaction 
flask to the vacuum line for a short time. Because of its high dissociation pressure at room 
temperature, BC1 3 :PH 3 could be transferred on the vacuum line quite easily. BBr 3 :PH 3 could 
also be transferred on the line, but because of its low dissociation pressure (less than 1 mm 
at 25 °C) it was more convenient to prepare this compound in situ. 


(1) A. Besson, C.R, Acad. Sci., Paris 110, 516 (1890). 

(2) E. L. Gamble and P. Gilmont, J. Anter. Chem. Soc. 62, 717 (1940). 

(3) H. C. Brown and R. R. Holmes, J. Amer. Chem. Soc. 78, 2173 (1956). 

<4! W. E. White and A. H. Bushey, /. Amer. Chem. Soc. 66, 1666 (1944). 

<5) Inorganic Synthesis, Vol. 3, p. 27. McGraw-Hill, New York (1950). 

(6) R. T. Sanderson, Vacuum Manipulations of Volatile Compounds. J. Wiley, New York 
(1948). 
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Thermal decomposition o/BCljiPHj and BBrjiPHj 

Equal volumes of phosphine and the corresponding boron halide were condensed into 
quartz tubes. The tubes were sealed and heated for 16 hr at 950°C in an electric furnace. 
X-ray powder patterns obtained on the gray to yellow solid products present in the tube 
after heating corresponded to those reported 17 * for boron phosphide. 

Diffraction patterns 

X-ray diffraction patterns of the addition compounds were obtained in the following way. 

The reactants were condensed into a Pyrex tube 10 cm long by I cm diameter. The 
tube was constricted near the top and had a side arm which lead through a Pyrex-quartz 
graded glass seal to a 0 5 mm diameter quartz capillary tube. The Pyrex tube contained 
7 or 8 Pyrex glass beads. The tube was sealed at the top constriction. After reacUon had 
taken place, the white solid product was pulverized by shaking the glass beads. Then the 
pulverized solid was vibrated into the quartz capillary. The capillary was sealed off m a 
small flame and placed in the X-ray camera. Diffraction patterns were obtained using 
Cu Kx radiation. 

Infra-red spectra 

Infra-red spectra were obtained with a Perkm-Elmer double beam infra-red spectro¬ 
photometer, Model 221, using a sodium chloride optic system. The gas cell contained 
sodium chloride wmdows and had a path length of 5-5 cm. The gases were introduced 
directly into the gas cell from the vacuum line. Benzene solutions of boron tnchlonde- 
phosphine and boron trichloride were prepared on the vacuum line. The solutions were 
transferred to a 0-5 mm sodium chloride cell by means of a hypodermic syringe. The 
benzene peaks were blanked out by placing a variable spaced cell containing pure benzene in 
the reference beam. 


Dipole moment measurements 

Capacitance measurements were made in a Balsbaugh cell fitted with a side arm which 
allowed attachment to the introductory system of the vacuum line. Weighed amounts of 
benzene and C1 jB:PH 3 were condensed directly into the cell from the vacuum line. The cell 
was sealed, removed from the vacuum line and placed in a constant temperature bath 
thermostatically controlled to 25 ±0 1°C. 

The cell was calibrated both with air and benzene. A General Radio Co. Type 716-AS1. 
Capacitance Bndge was used with a General Radio Co. Type 684A oscillator at 1 kc/s. 
The detector was a tunable Rhode and Schwartz indicating amplifier, type VBM, B1Y12125. 
The measurements were performed by the substitution method using a General Radio 
Standard Capacitor Type 722-0. 

RESULTS AND DISCUSSION 


Mixtures of boron trichloride and phosphine react on warming to room tempera¬ 
ture from— 196°C forming a simple 1 1 1 addition compound according to the Equation(3) 

CljB^+PHj^ZZZZ^CljBiPHa^ (3) 

A white solid material forms initially, but on standing at room temperature for a few 
days large clear crystals, approximately 4 mm on an edge, appear. 

The apparent molecular weight of the gas as determined by vapour density measure¬ 
ments was 79 ± 2 g/mole at 31 °C. The molecular weight that would be expected if 
100% dissociation into boron trichloride and phosphine occurred is 75-6 g/mole. For 
mol. wt. = 81 the dissociation is 85 per cent, for mol. wt. = 77 the dissociation is 
97 per cent. Hence, it appears that the complex is about 90 per cent dissociated at 31 °C. 

The pressure temperature data for the compound, BC1 3 :PH 3 , is summarized in 
Table 1. From a plot of log P vs. XjT the relationship: 


log.P = 11-22- 


2-81 X 1(P 
T 


was obtained. This agrees with the data of Gamble and Gilmont (cf. Equation 2). H 


« |afljfc ra- and T. A. Ingles, Nature, Lond. 179, 1073 (1957). 
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the partial pressure of the complex is small compared to the partial pressure of the BCI 3 
m the vapour phase, (true at 31 °) then the enthalpy of the reaction shown Equation (3), 
obt ain ed from the vapour-pressure vs. temperature plot, is 26 kcal/mole. 
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Table 1. — Pressum-tbmferature data for C1jB:PH 3 


Temp. (°C) 

Pressure (mm Hg) 

23 

S3 

22 

50 

15 

30 

0 

8-5 

—12 

2-5 

—19 

1-5 


As a further check on the association of boron trichloride-phosphine in the gas 
phase, infra-red spectra were obtained on boron trichloride gas, phosphine gas, and 
the vapours in equilibrium with solid BC^iPHj. The spectra are shown in Fig. la. In 



BCIj in Benzene 


WAVRBMGTH (MICRONS) 



Cl in Benzene 

Fro. lb.—Infra-red spectra of BCIj and ChBrPHj in benzene. 

Fig. lb are the infra-red spectra of benzene solutions of CIjBrPHj and boron 
trichloride. The presence of absorption peaks in the 7-7-5/r region on the spectrum 
of PH«:BCl<s, which are not present in the spectrum of phosphine or boron 
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t nchlori dle, may be attributed to the complex. Note too that in benzene the intensity 
of the BClj absorption for the band at about lO-l/i is less than the band at about 10-5/x 
while for the complex in benzene the opposite is true. In the gas phase the concentra¬ 
tion of complex is too low and the unchanged BCI 3 spectrum results at 10-1 and 10-5 /l 
A lso in benzene there are absorption peaks at 5*1, 5-5 and 13-4p which may be 
attributed to the complex. However, these absorption peaks do not appear in the gas 
phase. 1 1 

The X-ray diffraction pattern for solid C1 3 B:PH 3 is summarized in Table 2. 

Table 2.— X-ray diffraction data for phosphine addition compounds of 

BORON TRICHLORIDE AND BORON TRIBROMIDE 
CbB:PHj BrjBiPHs 


d-spacing 

(A) 

Intensity 

d-spacing 

(A) 

Intensity 

611 

m 

5-6 

WW 

4-80 

ms 

4-95 

m 

4-30 

m 

4-40 

WH 

3-75 

vw 

4-20 

VVH 

3-39 

m 

3-50 

VW 

3-29 

w 

3-40 

VW 

3-05 

s 

3-30 

VW 

2-90 

m 

3-15 

m 

2-86 

w 

2-99 

s 

2-75 

m 

2-85 

vvw 

2-70 

m 

2-79 

w 

2-60 

ww 

265 

vvw 

2-43 

vvw 

2-49 

w 

2-40 

w 

2-40 

ww 

2-27 

w 

2-30 

vw 

2-24 

vw 

2-26 

vw 

2-19 

vw 

2-20 

vw 

214 

vw 

2-13 

vw 

2-05 

w 

2-04 

w 

1-97 

w 

1-95 

wm 

1-94 

w 

1-86 

wm 

1-90 

w 

1-78 

vvw 

1-87 

vw 

1-74 

vw 

1-81 

w 

1-71 

vw 

1-73 

vvw 

1-68 

vw 

1-67 

vvw 

1-62 

vw 

1-62 

vvw 

160 

vw 

1-37 

vvw 

1-58 

vw 

1-53 

vw 

1-55 

vvw 

1-45 

vvw 

1-52 

vvw 

1-35 

vvw 

1-4C 

vvw 

1-30 

vvw 

1-360 

vvw 

1-255 

vvw 

1-345 

vvw 

1-225 

vvw 

1-250 

vvw 

1-180 

vvw 

1-220 

vvw 

1-050 

vvw 

1-200 

ww 

0-97 

vvw 




Included in this table are the d-spacings for the addition compound of boron tribromide 
and phosphine. 
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The boron trichloride-phosphine complex readily dissolves in benzene. In early 
experiments it was established that the vapour-pressure of the benzene solution was 
less than the sum of the vapour-pressure of benzene and the vapour-pressure of 
BG 3 :PH 3 . The dipole moment of BC1 3 :PH 3 determined in benzene was 5-2±0-lD., 
assuming no dissociation of the complex in solution. 

The polarization of the solution, Pu, was calculated from the equation :<*> 


_ e'-l.Xi M t +X 2 M 2 

e'+2 d 


(4) 


where e' is the dielectric constant of the solution, X\ is the mole fraction of the solvent, 
X 2 is the mole fraction of the solute, M\ is the molecular weight of the solvent, M 2 is 
the molecular weight of the solute, and d is the density of the solution. 

The polarization of the solute, Pi, was calculated from the equation, 

P 2 = L^fll+P 1 (5) 

where P\ is the polarization of the solvent and the other symbols are the same as in 
Equation (4). 

The polarization of the solute at infinite dilution, P *, was obtained by extrapola¬ 
tion of the plot of P 2 against X 2 as shown in Fig. 2. The value of P 2 " lies in the range 
600-640 cm 3 . 



Fig. 2.—Polarization of solute vs. mole fraction of solute for benzene 
solutions of CI 3 B:PH 3 

<»> R. }. W. Lb Fevre, Dipole Moments, p. 28. J. Wiley, New York, (1953). 
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The dipole moment, ft, was calculated from the equation : <9 > 

P 2 * = Pb+Pa+^££ 

9kT 


( 6 ) 


where N is Avagadro’s number, P E and P K are the electronic and atomic polarization, 
k is the Boltzmann constant, and T is the absolute temperature. The contribution of 
p A and P E to the total polarization, P™ ,was estimated frpm the relationship:' 

P — nl ~ * {T\ 

Fe "^TT x T (7) 

using approximate values for n, the refractive index, d, the density, and assuming that 
the complex is monomeric in dilute benzene solutions. It was also assumed that the 
value of P K was 15 per cent of P E . The value of P A +P E so obtained was 50 cm 3 . 

The electronic and atomic polarizations are small compared to the orientation 
polarization of the dipole. Since large errors inf^® affects the value of p only slightly, 
the estimation of the atomic and electronic contributions is reasonable. 

The high value of the dipole moment obtained argues strongly that the complex, 
CI 3 B PH3, is monomeric in dilute benzene solutions. Since the total pressure of the 
gases in equilibrium with benzene solution of Cl 3 B:PH 3 is less than the sum of the 
dissociation pressure of C1 3 B:PH 3 and the vapour-pressure of pure benzene, the 
complex is not significantly dissociated in benzene. The change in intensity of absorp¬ 
tion at 10-1 and 10-5/i in the benzene solution of the complex as compared to pure 
BCI3 in benzene also argues for greater association of the complex in benzene as 
compared to the vapour. 

According to Philips et al. (m the dipole moment of triphenyl phosphine-boron 
trichloride is 7-01 ±0 06 D. and the moment of tnmethyl phosphine-boron trichloride 
is 7-03±0-01 D. 


Acknowledgements—The authors wish to thank. Dr.F. MiLLERof Mellon Institute of Industrial 
Research for aid in interpretation of the infra-red spectra. Appreciation is also expressed 
to Miss B. Kagle of Westinghouse Research who obtained the X-ray diffraction patterns. 

m C. P. Smith, The Determination of Dipole Moment in Physical Methods of Organic 
Chemistry , (2nd Ed.) Vol 1. Interscience, New York (1949). 
ho) G M. Philips, J S. Hunter and L. E. Sutton, J. Chem. Soc. 146 (1945). 





Inor*. NucI.Cli«m., 196J. Vol. 24, pp. 1171 to 1174. 8wc«aan Pm* Ltd. Printed in Enttand 


NOTES 


—“ ii 

i i 

Investigation of isopolyacMs by a new conductometric technique 

Received 22 January 1962; in revised form 23 February 1962) 

Complex equilibria existing m solutions of isopolyacids have been studied extensively by the 
conductometric method and experimental results often interpreted on the basis of the number 
of protons added. This procedure is incorrect since the position of inflexions in conducto¬ 
metric titrations vanes with concentration and, hence, cannot be used directly in the form¬ 
ulation of equations. Below, a new graphical method for the evaluation of the number of 
protons consumed by a complex system is applied to accurate conductivity measurements 
for the hydrolysis of ammonium metavanadate with perchloric acid. 

The number of protons consumed by each vanadium atom can be calculated from the 
difference between the conductivity of the solution after it has reached equilibrium and the 
conductivity if no reaction had taken place. In Fig. 1, the line AB (experimental line) indicates 



Fio. 1—Variation of specific conductance -x with hydrogen ion concentration 
for solutions containing ammonium metavanadate and perchloric acid at 
25 ± 0-001°. Concentration 0-00088 g atom vanadium/1. 

- conductivity line for perchloric acid; 

-conductivity line for hydrogen ions; 

--- constructed conductivity line if no reaction had 

occurred between metavanadate and perchloric 
acid. 

the variation of conductivity with hydrogen ion concentration for solutions whose vanadium 
concentrations are the same, but whose perchloric acid concentrations differ. The line OC 
shows the variation of conductivity with concentration for solutions of perchloric add. If no 
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Notes 


reaction had occurred between the perchloric add and the vanadium (v) solution, the con¬ 
ductivity curve would be denoted by AD (constructed line). The difference between the 
constructed and experimental lines (fall in conductivity) at any point can be equated to the 
removal of protons. The number of protons removed can be directly obtained from the line 
OE, which is the proton contribution of the conductivity; this line is calculated knowing the 
individual ionic conductivities of the hydrogen and perchlorate ions.' 1 * From this construc¬ 
tion, we can determine the number of protons consumed when a given number of protons 
have been added. The assumption made is that the fall in conductivity due to the removal 
of protons is large compared with the change in conductivity of vanadium (v) species. As 
an example, let us consider point X on the curve which denotes the end of the reaction since 
the line beyond X becomes parallel to the constructed. The number of protons added at 
this point is 5-1 (abscissae). The number of protons consumed is found as follows: the 
conductivity at point X is 1-33 x 10 -3 ohm the corresponding value on the con¬ 

structed line (point Y) being 193 x 10 -3 ohm -1 cm -1 , indicating a fall m conductivity of 
0-60 x 10 -3 ohm -1 cm - '. The latter value applied to the line OE shows the number of 
protons consumed to be two, which is precisely the value expressed by the equation 
{V0 3 - } * + 2H+ = V0 2 + +H 2 O. 

Accurate resistance measurements were made with a Jones and Bollinger type cell*-*', 
thermostated in a Townson and Mercer S 200 thermostat containing Puremor 210 light oil 
The bridge consisted of Muirhead decade resistance boxes, the null point was detected on a 
Cossor oscilloscope, the alternating current supply was obtained from an Airmec oscillator 
at 1500 c/s. 

Perchloric acid: 60% w/w “Analar”. Ammonium metavanadate solution: prepared 
from the “Analar” salt. 

The ammonium metavanadate solution (20 ml) was placed in a 250 ml beaker together 
with the required volume of perchloric acid to give a fixed hydrogen ion - vanadium atom 
ratio. The solution was boiled gently in order to attain equilibrium, allowed to cool, 
transferred quantitatively to a 100ml graduated flask, and the volume of the solution was 
made up to 100 ml with conductivity water, giving a final concentration of 0 00088 g atom 
vanadium/1. Several solutions were prepared containing different amounts of perchloric 
add. 

* The brackets indicate that the metavanadate is polymerized, probably tnmerized <*• 11 

Each solution was m turn placed in the conductance cell, and its resistance measured 
after it had attained a constant value at 25 ±0-001 °C. 

Department of Chemistry, G. Kakadadse 

College of Science and Technology, H J. Wilson 
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Pentacarbonylacrylonitriletungsten 
(Received 21 February 1962) 

X-ray analysis has recently shown tetracarbonylacrylonitrileiron to have a structure in 
which the metal atom is bonded to the n - system of the carbon-carbon double bond <l) 
Evidence presented here shows that acrylonitrile may in certain cases alternatively act as a 
donor molecule via the cyanide group in a similar manner to acetonitrile' 2 *. 

<0 A. R. Luxmore and M. R. Truter, Proc. Chem. Soc. 466,1961. 

< 2 > W. Strqhmeier and K. Gerlach, Z. Naturf. 15 b, 622 (1960). 
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On refluxing a large excess' of acrylonitrile in strong ultra violet radiation with 2g of 
tungsten hexacarbonyl for many hours it is possible to isolate a few mg of pentacarbonylacrylo- 
mtriletungsten, I, as one of the products. (Found: C, 25 -63; H, 0*76; N, 3 55; M (Cryoscopic 
,n b enzene ) 385; 397. Cate, for I; C, 25-5; H, 0-80; N, 3 77; M, 377). Unchanged tungsten 
hexacarbonyl can only be removed from the pale yellow crystals of I by repeatedly passing an 
ether solution through an alumina column. 

I was exceedingly soluble in all the solvents tried, except water. It could be precipitated 
out of the petroleum ethers by cooling but remained in other solvents to their freezing 
points. Solutions in carbon tetrachloride and chloroform deteriorated rapidly on standing. 
It melted at 74-75“ and decomposed at a slightly higher temperature in high vacuum without 
subliming. A sample of I (0-28 m moles) yielded O' 10 m moles of carbon monoxide and 
0 09 m moles of acrylonitrile on heating to 120° for 3 hr: the dark brown product evolved a 
further 0 16m moles of carbon monoxide at 200°. The final residue afforded 0-35 m moles 
of carbon monoxide when treated with nitric acid. 

The infra red spectrum of I is shown in the Table. In sharp contrast to other acrylo¬ 
nitrile complexes this compound shows bands in the regions of the spectrum associated with 
the C — C stretching and = CH 2 bending modes; the C = N band has also moved to 
higher frequencies which might be expected if the cyanide group were co-ordinated to the 
metal atom' 3 '. Furthermore, the region 650-1300 cm -1 in the tungsten complex is similar 
to that of acrylonitrile itself and bears little resemblance to the spectrum of tetracarbonyl- 
acrylonitrileiron. The proton magnetic resonance spectrum of the sample dissolved in benzene 
(Fig. 1), though complex, is remarkably similar to that obtained for free acrylonitrile' 4 '. 



J-L 


Fig. 1. Proton MagneUc Resonance Spectrum of Pentacarbonylacrylonitnletungsten 

in benzene at 40 Mc/s. 

except the whole spectrum has moved about 0 6 p.p m. to higher field. This, again, is con¬ 
sistent with a relatively unperturbed vinyl skeleton in the compound, which one would not 
expect to be the case in structure B. 

CH 2 = CHCs N-» W (CO)s CH 2 = CHC s N 

l 

A W (CO) 5 B 

Thus all the evidence to hand points strongly to structure A in which the cyanide group 
is coordinated to the tungsten. It may well be significant that 1 is the most stable of the 
acrylonitrile - metal carbonyl derivatives. 

Acknowledgements —I wish to thank Imperial Chemical Industries Ltd., for a Fellowship 
and Dr. M. L. H. Green and Dr. N. Sheppard for valuable discussion. 

A. G. Massey, 

University Chemical Laboratory 
Lens fie Id Road, Cambridge 

(3) D. A. Dows, A. Haim and W. K. WrLMARTH, J. Inorg. Nucl. Chem, 2l, 33 (1962); 

H. A. Brume and W. Zeil, Z. Naturf. 16 a, 1251 (1961). 

41 C. N. Banwell, Ph.D. Thesis, Cambridge. 
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Notes 


TABLE—INFRA RED SPECTRA: MAIN PEAKS 

(Frequencies in cm -1 .) 


(CH2CHCN)W(CO) 5 
in Nujol 

CHjCHCN 

film 

(CH 2 CHCN)Fe(CO) 4 
in Nujol 

Assignments 

2255 w 

2214 m 

2210 m 

C = N Stretch 

2089 m 

— 

2112 m 

C = O Stretch 

1957 s 

— 

2050 sh 

C = O Stretch 

1938 s 

— 

2038 s 

C = O Stretch 

1900 m 

— 

2015 s 

C = O Stretch 

1607 w 

1608 w 

— 

C “ C Stretch 

— 

— 

1467 w 


1417 m 

1417 m 

— 

— CH 2 bend 

— 

— 

1362 w 


1288 m 

— 

— 


— 

— 

1186 m 


— 

— 

1017 w 


975 sh 

986 sh 

— 


963 s 

967 vs. 

— 

= CH 2 out of 

948 sh 

— 

— 

plane wag. 

— 

— 

952 w 


— 

— 

890 w 


— 

— 

787 w 


665 m 

677 m 

— 



s, strong; m, medium; w, weak; sh, shoulder. 
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THE NEUTRON-DEFICIENT YTTRIUM ISOTOPES 
82 Y, M Y AND M Y* * * § 

I ' 

V. MaxiaI, W. H. KellvJ and D. J. Horen 

Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received 5 March 1962) 

Abstract— The neutron-deficient yttrium isotopes “Y, “Y and *‘Y have been produced by irradia¬ 
tions with the Berkeley heavy-ion linear accelerator Where possible, identifications were made by 
establishing genetic relationships with known daughter or granddaughter activities. The half-life of 
»*Y determined by direct decay is 39 ± 2 mm. By a series of timed chemical separations, the following 
half-lives have been established: “Y, 9 ± 3 min; '*Y, 8 ± 2 min. No information pertaining to 
the radiations emitted in the decay of these yttrium isotopes, other than M Y, has been obtained. 
The -/-ray spectra of M Y and 88 Sr are shown 

Early attempts to study the decay of 82 Y revealed that its half-life was much shorter 
than the 70 min previously reported by Caretto and Wiig. (1) These authors also 
reported the half-life of M Y as 5 hr. From other work at this laboratory, in which 
Mm Sr was chemically separated from yttrium at regular intervals, it was found that 
M Y has a 3 hr half-life. (2) The apparent disagreement in the half-hfe for 85 Y as found 
by Caretto and Wiig (I) and Kim el al . i2> has been resolved by the discovery of a 5 hr 
isomeric state in 8S Y. <3) The present work was undertaken in order to clarify the situa¬ 
tion pertaining to the neutron-deficient yttrium isotopes with A < 84. In this paper 
we report on the identification of 88 Y, W Y and M Y. 

1. EXPERIMENTAL METHOD 

The Berkeley heavy-ion linear accelerator (Htlac) was used to produce neutron-deficient yttrium 
isotopes by the reactions 75 As( u C, jc/i) 8,- *Y and ••Ga( 1 '0, xn)* 6 -’ Y. For convenience, most of the 
data were obtained from bombardments of thick targets of powdered arsenic metal with about 
120 MeV carbon ions, while other reactions were mainly used for corroborative purposes. The 
irradiation times varied from 5 min to 2 hr, depending upon the particular activities being studied 
The yttrium activities reported here were also produced by spallation of natural strontium with 
240 MeV protons in the Berkeley 184 in cyclotron. To aid in the identification of 84 Y, a few milligrams 
of enriched 84 Sr§ were irradiated with 5- and 1 5 MeV deuterons in the Crocker 60 in. cyclotron 

The half-lives of 8, Y and 88 Y were determined by establishing their genetic relationships to known 
strontium and rubidium isotopes by means of timed chemical separaUons of daughter activities. 
Photon spectra were examined with a 7’62 cm x 7 62 cm Nal(TI) crystal mounted on a Dumont 
6363 photomultiplier coupled to a multichannel pulse-height analyser. Positron spectra were meas¬ 
ured with a 2 5 cm diam. x 1 25 cm plastic scintillator, and gross ^-counting was done with an end- 
window, flowing-methane proportional counter. 

* Work done under the auspices of the U S Atomic Energy Commission. 

f Permanent address: Laboratory di Radiochimica, Universitd di Pavia, Pavia, Italy. 

t On leave from the Department of Physics and Astronomy, Michigan State University, East 
Lansing, Michigan. 

§ Obtained from separated Isotopes Division, Oak Ridge National Laboratory, Oak Ridge 
Tennessee. 

A A- Caretto, Jr. and E. O. Wno, J. Amer. Chem Soc. 74, 5235 (1952). 

T E. Kim, D J. Horen and J. M. Hollander. Unpublished data (1960). 

D J. Horen and W. H. Kelly, Bull Amer. Phys. Soc. 7, 341 (1962); Bull. Amer. Phys. Soc. 7, 

419 (1962). ' r 
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2. CHEMICAL PROCEDURES 

After irradiation, the arsenic targets were dissolved in hot aqua regia and boiled to dryness. The 
residue was dissolved in 5 ml of 0'1 N HC1 from which the yttrium was extracted into a 10-ml solution 
of 1-5 M di-2-ethyl-hexyl phosphoric acid (i.c., HDEHP) and toluene. 141 The organic phase, con¬ 
taining the yttrium activities, was washed several times with OT N HC1, after which timed chemical 
separations (milks) of the daughter strontium and rubidium activities were conducted by washing 
with 0-1 N HC1. The “milk” intervals were varied from 5 to 17 mm in different experiments. 

In some experiments the strontium and rubidium fractions were separated by using the standard 
techniques of coprecipitation of Sr(NO a ), with Ba(NO a ), by the addition of fuming nitric acid and 
chilling. 

3 EXPERIMENTAL RESULTS 

3-1 Yttrium- 82 

After an irradiation of powdered arsenic metal with 120 MeV carbon ions, the 
genetic relationship of 82 Y to its daughter 82 Sr was established by a series of timed 
chemical separations (milkings). In these experiments yttrium was extracted into a 
solution of toluene and HDEHP while strontium was back-extracted into 0-1 N HC1 



Fig 1 —Yields of 2 0-3 0 MeV positrons of 
M Sr- ,2 Rb decay as a function of time of 
chemical separation of strontium from 
yttrium parent 

Several days after the milking experiments were preformed, the strontium fractions 
were chemically isolated and measured with the scintillation spectrometer and propor¬ 
tional counter. From these measurements it was found that annihilation radiation, a 
weak 770 keV photon, and approximately 3 MeV positron branch decayed with about 
a 25 day half-life. These data are attributable to the decay of 82 Sr- 82 Rb- 82 Kr, since it is 
known that 25 day 82 Sr decays by electron capture to 1 -3 min 82 Rb, which in turn decays 
to “Kr with the emission of 3-1 MeV and 2-3 MeV positron branches and a weak 
777 keV photon. <8> By counting the positrons with energies between 2 and 3 MeV, 
the yield of “Sr as a function of the time of the chemical separation of strontium from 
yttrium was obtained. Typical results are shown in Fig, 1. From a number of such 
experiments, the average value obtained for the half-life of 82 Y is 9 ± 3 min. 

D. F. Reward, G. W. Mason and S W. Moune, J Inorg. Nucl Chem 5, 141 (1957). 

,f> D. N. Sunderman and C W. Townley, NAS-NS 3010 January (1960). 

'*' Nuclear Data Sheets, National Academy of Sciences—National Research Council, NRC 59 I 67 
(National Research Council, Washington. D.C ) 

tV 
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Fig 2.—y-ray spectrum of 34 hr “Sr taken with a 7 6-cm x 7 6-cm NaI(Tl) 
crystal A 0 75 cm carbon absorber was placed between the source 
and crystal to reduce bremmstrahlung and annihilation-in-flight photons 
caused by the positrons. 



Fio. 3 —Yields of the 375 keV y-ray of “Sr 
as a function of time of chemical separation 
of strontium from the parent yttrium. 
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3.2 Yttrium -83 

The y-ray spectra of the strontium fractions milked from yttnum contained promi¬ 
nent peaks at 38, 375, 511, 770,1160 and 1520 keV which decayed with a 34 hr half- 
life. This activity is assigned to “Sr, since the latter is known to decay with a similar 
half-life with the emission of a 1-2 MeV positron branch.* 7 * A typical y-ray spectrum 
of “Sr is shown in Fig. 2. Fig. 3 shows the yield of the 375 keV peak as a function of 
the time of the chemical separation of strontium from yttrium. Consideration of the 
data from several experiments utilizing different production modes of yttrium and 
different milk times leads to an average value of 8 ± 2 min for the half-life of M Y. 



Channel number 

Fig 4 —Collimated photon singles spectrum of 39 min "Y taken with a 7’6 cm x 7 6 

cm NaI(Tl) crystal 

3.3 Yttrium-M 

When the yttrium fraction obtained from the bombardment of arsenic with C 1 * 
ions was chemically repunfied approximately 2 hr after the irradiation, the gamma- 
ray spectrum decayed with 39 ± 2 min (see Fig. 4). Strontium fractions chemically 
separated from the yttrium activity at fixed time intervals (40 min) contained only 
150 and 235 keV photons arising from the decay of 8Bm Sr and a very weak 513 keV 
photon from the decay of “Sr. The half-life of “Y determined in this way is 3-0 ± 0 2 
hr, in good agreement with the results of Kim et a/.*** The 39 min yttrium activity was 
also produced by irradiating strontium enriched in “Sr with 15 MeV deuterons, but 
not with 5 MeV deuterons. These data are consistent only with the assignment of the 
39 min activity to M Y. This half-life is in good agreement with that obtained by 
Yamazaki et al. w " 

a > S. V. Castner and D. H. Templeton, Phys. Rev. 88, 126 (1952). 

'•’T. Yamazaki, H. Ikegami, M. Sakai, K. Saito, Y. Hashimoto, M. Fujioka, H. Ohnuma, t 
Takekoshi, J. Mahumoto and A. Hashizume Unpublished data; M. Sakai. Private com¬ 
munication (1961). 
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DISCUSSION 

In this work, the neutron-deficient yttrium isotopes with mass numbers 82, 83 
and 84 have been synthesized and their half-lives found to be considerably shorter than 
those previously reported. Owing to lack of time, no information has been obtained 
concerning the radiations emitted in the decay of these isotopes, with the exception of 
M Y. ' i 

Acknowledgements —One of us (V. M.) wishes to acknowledge the Conference Board of Associated 
Research Councils, Washington D.C., for a fellowship, and to thank Professor I. Perlman for the 
hospitality accorded her while a guest at the Lawrence Radiation Laboratory. We wish to thank 
Drs S S Markowitz, R M. Diamond and J. M. Hollander for many helpful discussions. We 
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operating crews of the Hilac and the 60 in and 184 m. cyclotrons for providing the irradiations 
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RELATIVE CROSS-SECTIONS FOR THE n7 l(d,p) REACTION 

D. J. Silvester 

Medical Research Council, Cyclotron Unit, 

Hammersmith Hospital, Ducane Road, London, W.12 

and 

G. C. Jack 

Queen Elizabeth Hospital for Children, 

Hackney Road, London, E.2 

(Received 25 March 1962; in revised form 17 April 1962) 

Abstract —Yields of 1,8 I from the ni \(d,p) reaction have been measured for deuteron energies up to 
14 8 MeV relative to the yield at 9 98 MeV. In agreement with calculation, the results indicate that 
the cross-section for this reaction reaches a maximum value at about 11 MeV. 

In the course of an investigation into the usefulness of the external deuteron beam of 
the Medical Research Council’s cyclotron as a tool for activation analysis, we have 
measured the relative cross-sections for the 127 I(d,/>) 128 I reaction for deuteron energies 
up to 15 MeV. 

A previous measurement by Balestrini, <u with deuteron energies up to 18 MeV, 
suggested that the cross-section reaches a maximum value at about 1 1 MeV, and 
remains essentially constant at higher energies. This was unexpected, since calculation 
showed that for deuteron energies above about 11 MeV, the compound nucleus 
resulting from an Oppenheimer-Phillips (d,p) process may be left with sufficient energy 
to emit a neutron, which would lead to a drop in the measured cross-section. The 
present results show closer agreement with this expectation. 

EXPERIMENTAL PROCEDURE 

Sample preparation 

Samples were prepared for deuteron bombardment by absorbing known weights of standardized 
potassium iodide solution (each containing about 1 mg I ) on small filter-paper disks (Whatman No. 
542, 20 mm diam) which were then dried in a vacuum desiccator Each filter-paper disk was sub¬ 
sequently completely enclosed malm square envelope made of 0 001 in. 99 999 per cent aluminium 
foil, in such a fashion that only one thickness of the foil was interposed between the filter-paper and 
the deuteron beam, unless further thickness of aluminium were deliberately added to reduce the beam 
energy This method of sample preparation resulted from our initial interest in the “deuteron activa¬ 
tion analysis” of iodine-containing fractions from biological specimens which had been separated by 
paper-chromatography When subsequent experiments indicated that iodine was not lost from such 
samples in the course of bombardment, the method, which is a conveniently simple one, was continued 

Deuteron irradiations 

The aluminium envelopes, up to nine at a time, were separately fixed around the face of a 10 in 
diameter aluminium wheel, all at the same radius, by screws, the heads of which just overlapped the 
edge of each envelope without shielding the filter-paper disk inside. This wheel could be set up with 
its axis parallel to the deflected deuteron beam, and at a fixed distance from the foil window through 
which the beam emerges from the cyclotron Immediately in front of the wheel, a collimator reduced 
the spread in width of the beam from about 4 to 2 m ; the vertical spread was not more than about 
0 25 m , and no attempt was made to collimate the beam in this direction. On rotating the wheel 
(at 13 rev/sec) each sample passed in turn rapidly across the centre of the partially collimated deuteron 

1,1 S J Balestrini, Phys. Rev 95,1502(1954). 
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beam, so that in the course of an irradiation each was exposed to the same number of incident deu- 
terons. The main fluctuations in the deuteron beam were essentially slow compared with the speed of 
rotation of the sample wheel. 

Ten irradiations were carried out after preliminary work had established the reproducibility of the 
method. The duration of each was 30-45 min, and the beam currents reaching the rotating wheel 
varied from 10-25 /iA. In each irradiation, three samples were covered with an additional 0-015 m 
of aluminium, reducing the incident beam energy to 9-98 MeV. Additional samples, three at a time, 
were exposed to different incident beam energies by varying the thickness of aluminium absorbers 
used. Thus, all cross-section measurements were made relative to that for 9 98 MeV deuterons. 

Estimation of the “ 8 / yield 

About 30 mm after irradiation, each envelope was removed from the wheel and was immersed 
completely, without opening, in 5 ml 3M NaOH to which a known weight (~-10mg) of additional iodide 
carrier had been added. On warming, the aluminium foil dissolved completely and a clear solution was 
obtained. (After a few minutes of irradiation the filter-paper disks disintegrate: the residue is soluble 
in hot NaOH.) Addition of excess NH 4 C1 solution precipitated the aluminium as Al(OH) s , and the 
excess ammonia was boded off. The solution was acidified and oxidized with HNO, and NaNO», and 
the liberated iodine extracted into 5 ml CCI, This was followed by back-extraction into 3 ml of aqueous 
bisulphite, and a repeated oxidation and extraction into 2 ml CC1 ( After carefully washing the organic 
phase, the iodine was finally back-extracted into 2 ml of standard (0 IN) sodium arsemte solution 
The latter, with a further 2 ml of water used in washing the organic phase, was carefully recovered and 
transferred to a small polythene tube m which it was made up to 5 ml This tube was then sealed, and 
placed in a well-type scintillation counter for measurement of the “*I activity. Samples were ready 
for counting in 60-90 mm after the end of bombardment. 

The samples decayed with the expected 25 mm half-life 1 * 1 and were counted for about 5 hr, or 
until their activities were no longer distinguishable from background Traces of long-lived activity 
were found in samples bombarded at above 10 MeV; these may have been due to 13-3 day lM J, 
resulting from (d,p2n) or («,2n) reactions, but were at such a low level that identification was not 
possible 

After counting, the recovered iodine was estimated by titration of the excess arsemte: yields of 
about 50 per cent were customarily obtained The measured activities were then corrected for decay 
and chemical recovery, and the activity per mg of iodine bombarded was calculated 

Preliminary irradiation 

After numerous experiments had shown the reproducibility of the chemical procedures, it was 
important to establish that the “spinning-wheel” technique ensured that the samples were uniformly 
exposed to the deuteron beam To do this, a preliminary run was carried out in which five samples 
were irradiated at the same energy, 14-8 MeV. The recovery and counting procedures were carried out 
as described above, and the corrected activities showed a standard deviation of ±2 5 per cent from 
the mean 

In subsequent irradiations, where there were always three samples bombarded at any one energy, 
the resulting activities were again found to agree to within a few per cent This close agreement, 
coupled with the result of the preliminary irradiation described above, was considered good evidence 
that no iodine was lost from the samples in the course of bombardment 

DEUTERON BEAM ENERGY 

No direct measurement of the beam energy has been made, but the results of 
previous experiments with the M.R.C. cyclotron indicated that the maximum energy of 
the deflected deuteron beam was 16-2 ± 0-2 MeV. (3) The error quoted is the probable 
error in the measurements, and not the spread in beam energy which is believed to be 
very small over the region through which the samples were passed. The energy of the 
deuteron beam when it reached the inside of the aluminium sample envelopes was 
computed from the range-energy relations for protons in air and aluminium evaluated 
by Sternheimer (1> . The energy widths of the plotted points in Fig. 1 reflect the uncer¬ 
tainty in the initial beam energy. 

( *’ D. Strominoer, J. M. Hollander and G T. Seaborg, Rev. Mod Phys 30 (Part 2), 706 (1958) 

1,1 J. F. Fowler, Private communication (1961) 

<*> R. M Sternheimer, Phys Rev 115, 137 (1959). 
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Fio 1 —Relative cross-sections for the l,, I (d,p) rM l reaction 

An additional uncertainty in the beam energy values results from the thickness of 
the original filter-paper samples, but as these rapidly disintegrate in the deuteron beam, 
and as the iodine is distributed throughout their thickness, this cannot be accurately 
evaluated. However, an upper limit for this uncertainty can be estimated by consider¬ 
ing a hypothetical case where the iodine inside the aluminium envelope is covered by 
a layer of Melinex (C 10 H 8 O<), for which range-energy data are available, (S) of similar 
surface density, 9-5 mg/cm 2 , to the filter-paper (C 6 H 10 O 6 ). The energy losses would 
be about 2 per cent at 15 MeV, 4-5 per cent at 10 MeV and 15 per cent at 5 MeV, but 
the shape of the curve in Fig. 1 would not be altered significantly as a result. 

RESULTS AND DISCUSSION 

A summary of the results is given in Table 1. The error shown at each energy is 
the standard deviation from the mean of the experimental results. At energies up to 
11 7 MeV, the relative cross-sections were found to be in good agreement with 
Balestrini’s, but as can be seen in Fig. 1, where the two sets of results are plotted for 
comparison, they differ significantly at higher energies. 

It can be shown' 91 that the (d,pn) reaction may compete with the (d,p) reaction when 
the deuteron energy, e d , is greater than 

= (Ze 2 //?) + B 

where R is the interaction distance for the deuteron with the target nucleus, qf charge 
F Fowler and D N. Slater. To be published 

(1952)^ LATT ^ F. Weeskopf, Theoretical Nuclear Physics, Chap. 9 J Wiley, New York 
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Z and mass A, e is the electronic charge, and B is the binding energy of the deutcron 
(2-23 MeV). 

If, following Shapiro* 7 *, we adopt for deuteron reactions the interaction distance 
R — (r^A* + 1-21) x 10 -13 cm, then when r 0 = 1-3, we compute « d * = 12-1 MeV, and 
when r 0 = 1-5, « d * = 10-9 MeV. The shape of the curve in Fig. 1 suggests that r 0 = 
1-5 is favoured. 

Table 1.—Values of the cross-section 

FOR THE “’IO/.p) 1 **! REACTION 


Beam energy 
(MeV) 

Relative a 

5 26 

0 158 ± 0 015 

7-87 

0-757 ± 0 053 

8-76 

0 932 ± 0 059 

9 93 

1 000 

10 74 

1 024 ± 0 024 

11 70 

1 021 ± 0 038 

12 70 

0 932 -t 0 022 

13 34 

0 825 ± 0 035 

14 84 

0 745 ± 0 029 
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”» M. M. Shapiro, Phys Rev 90, 171 (1953) 
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FISSION OF m Th BY 9-5 MeV DEUTERONS: 
YIELD-MASS CURVE* 

M. V. Ramaniah| and Arthur C. Wahl 

Department of Chemistry, Washington University, St Louis, Missouri 
( Received 8 December 1961) 

Abstract—Relative yields for sixteen fission products from fission of 2,2 Th induced by 9-5 MeV 
deuterons are reported. The yield-mass curve drawn to fit these yields is double humped, has a 
trough-to-peak ratio of 0 15, and is symmetrical about >1 = 115 The heavy mass peak is in essen¬ 
tially the same position on the ,4-axis as the heavy mass peak for thermal-neutron fission of m U; the 
position of the light mass peak is 2 to 3 mass units lower in A than that of the 2 “U light mass peak. 
An analysis of the curve indicates that most fissions result from capture of the entire deuteron and that 
the average number of prompt neutrons emitted is 4 ± 1. 

The results of yield measurements carried out during 1954-1956 are reported in this 
paper. Relative yields were determined by comparison of fission-product radioac¬ 
tivities from ^Th fission induced by 9-5 MeV deutrons with those from m U thermal- 
neutron fission, for which fission yields are known.' 11 Approximate absolute yields for 
' i '“Th fission products were estimated by normalization of a symmetrical yield-mass 
curve drawn to fit the relative yields. 

The energies of the deuterons inducing fission in a 2 mil target-foil varied from 8-5 
to 9-9 MeV, one-half of the fissions being produced by deuterons with energies >9-5 
MeV. Less than 05 per cent of the fissions were induced by neutrons. These con¬ 
clusions were drawn from the results of experiments with stacked target foils, from the 
excitation function determined by Jungerman (2) , and from the maximum deuteron 
energy of 9-9 ± 0-1 MeV in the deflected beam of the Washington University Cyclo¬ 
tron. Water cooling of the target and limitation of the beam current to < 100 /1 A pre¬ 
vented loss of volatile fission products. 

Uranium with normal isotopic composition was irradiated in the Los Alamos 
Homogeneous Reactor in a thermal-neutron flux of 5 x 10 11 cm -2 sec” 1 . Because of 
its 2-3 hr half-life 83 Br was produced in uranium exposed to thermal neutrons near the 
cyclotron. 

Uranium and thorium metals supplied by A. D. Mackav were used as targets. 
Irradiated targets were dissolved m hydrochloric acid, and aliquots of the solutions 
were taken for radiochemical analysis. After addition of carriers and promotion of 
exchange between carrier and fission product, purification was accomplished with 

* Abstracted from a dissertation submitted by M. V. Ramaniah in partial fulfillment of the 
requirements for the Ph D Degree, Washington University, 1956 The work was supported in part by 
the United States Atomic Energy Commission. 

t Present address: Radtochemistry and Isotope Division, Atomic Energy Establishment, Trombay, 
Bombay-73, India. 

s Katcoff, Nucleonics 18, No 11, 201 (1960). 

1 Jungerman, Phys. Rev. 79, 632 (1950). 
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modifications of standard radiochemical procedures.' 8 ’ 4 8 * Purified samples were 
weighed, covered with Scotch tape (6-1 mg/cm 2 ), and measured for radioactivity with 
a flow-type ^-proportional counter. 

Irradiated thorium metal was dissolved with difficulty, two steps being required. 
The target was refluxed with 6 F HC1 containing SiFe 2- catalyst, and then the residue 
from this treatment was again refluxed with fresh 6 F HC1 and SiF e 2 ~. Gases 
escaping from the reflux condenser were trapped in 2 F NaOH, which was subsequently 
acidified and added to the HC1 solutions. Solutions were filtered before aliquots were 
taken. It was found that the ratios of fission-product radioactivities in the residue 
from the first refluxing were the same as those in the first HC1 solution. It was also 
found that recoveries of bromine, iodine and zirconium fission products were 
incomplete unless carrier was present during the dissolution process. Therefore, 
these carriers were added before dissolution. 

RESULTS 

The experimentally determined “ R values”, the ratio of yield from ^^h (d 9 . 6 ,f) to 
yield from *“U(n ttl ,/) relative to the ratio for "Mo (R — 100), are listed in column 2 
of Table 1. Except for 183 Sm and 1M Eu, the values are averages of determinations from 
two or more irradiations. All determinations were made from measurements on two, 
three or four samples. 

Relative values of fission yields for the /) reaction were obtained by 

multiplying the R values by the known fission yields 11 * from the reaction 

These relative yields were then used to construct a smooth, symmetrical yield-mass 
curve. This curve was normalized to give a total yield of 200 per cent. The result is 
shown in Fig. 1 as the solid line. The normalized “absolute” fission yield values from 
the ^“Th04 s,/) reaction are shown in Fig. I as filled circles and are listed in the third 
column of Table 1. 

Many sources of uncertainty are inherent m this treatment. Probably the largest 
is contributed by the assumption of a smooth, symmetrical yield-mass curve This 
assumption is justified only to the extent that it is the simplest way of fitting the limited 
data that are available. However, the assumption affects only the accuracy of the ab¬ 
solute values; the relative yield values are as accurate as the measurements and the 
values of the yields from the 236 U(/* th ,/) reaction. Uncertainties or irregularities in the 
“‘U yields are, of course, reflected in the 2S8 Th yields. This is illustrated by the fluctu¬ 
ation in the relative yields of m Ag, 112 Pd and 115 Cd fission products for which the R 
values change smoothly. 

Another possible source of uncertainty is the assumption that the genetic history of 
a fission product is the same for the two fission reactions. For the products determined 
deviations from this assumption could cause appreciable errors only for 83 Br and 133 I 
If all of the M Br were derived from 25 min M Se in the 232 Th(d 9 . 8 ,/) reaction instead of 
44 per cent as occurs in the reaction, the yield would be in error by about 

,w C. D. Coryell and N. Sugarman (Editors), Radiochemical Studies'. The Fission Products, NNES, 
Plutonium Project Record, Div IV, Vol 9, McGraw-Hill, New York (1951) 

141 J. Klhnbero (Editot), Collected Radiochemical Procedures, Los Alamos Scientific Laboratory 
Report LA-1721 (1954). (Unpublished). 

M. Lindner (Editor), Radiochemical Procedures in Use at the University of California Radiation 
Laboratory, University of California Radiation Laboratory Report UCRL-4377 (1954) (Un¬ 
published). 

E. Y ellin. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, Mass. (1960) 
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Fig 1 —Fission yields and yield-mass curves. 
—""ThW, t ,f) (This article) 

O *“Th(</„.„/•) (Ref 7) 

• s, ‘U(«u./') (Ref 1) 

-«»U «„,/) (Ref. 1!) 


Tabi f 1 —Yields from 9 5 mev deuteron fission of I,! Th 


Fission product 

R value* 

Fission yield (%) 

M Br 

4 44 ± 0 07 

1 6 

B *Sr 

1 70 ± 0 02 

54 

,l Sr 

! 50 ± 0 03 

58 

"Zr 

1 27 0 02 

50 

••Mo 

“1 00” 

40 

u, Ag 

86 ± 2 

1 1 

u,p d 

103 ±4 

0 68 

n *" Cd 

123 ± 3 


us Cd 

122 ± 4 

0'78) M 

181J 

2 13 ±006 

4 1 

1S3J 

1 22 ± 0 04 

5-3 

M0 Ba 

1 30 ± 0 04 

5 5 

u, Ce 

1 37 ± 0 04 

58 

>«Ce 

1 02 ± 0 02 

40 

lM Ce 

0-99 ± 0 04 

3 7 

lM Sm 

1-56 

0 17 

u«Eu 

3 24 

0 03 


* Ratio of yield from 8,s Th(<f,. Sl /) to yield from *“U(/ith»/) relative to the ratio for ’*Mo. 

10 per cent. If no 133 I were derived from 63 min ls3 Te in the 232 Th(J 9 . 5 , /) reaction, 
instead of 90 per cent as in the M U(%,/) reaction, the yield would be in error by 
about 4 per cent. 

As is true for any yield-mass curve determination, there is some uncertainty in 
equating the fission-product yield and the total chain yield. There is little direct 
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information on the point. Yelun* 4 ' determined the fractional independent yield of 
m Ag to be 0-044 for m Th fission by 13-6 MeV deuterons, and the independent yield 
should be smaller at lower energies. Alexander and Coryell* 7 ' measured independ¬ 
ent yields for several products from the “T'h^j # , /) reaction and concluded that 
these were adequately represented by the equal-charge-displacement ( ECD ) postu¬ 
late. 1 ®' Application of the postulate to the fission reaction with 9-5 MeV deuterons 
indicates that the fractional cumulative yields are > 0-98 for all products listed in 
Table 1 except for * 7 Zr and 140 Ba, for which the predicted yields are 0-92 and 0-91-0-98, 
respectively.* Application of a recent empirical charge-distribution treatment,* 4 ' 
developed for aM U(n th ,/), to the “^(dg.s,/) reaction indicates that fractional cumu¬ 
lative yields are >0-98 for all fission products listed in Table 1 except for 87 Zr, for 
which the predicted yield is 0-96. Since these corrections are small and uncertain, none 
were made. 

DISCUSSION 

The ratio of valley to peak yields for the yield-mass curve is 0-15. Comparison of 
this value with empirical correlations* 10 - 11 ' between valley-to-peak ratios and excita¬ 
tion energies of compound nuclei indicates that the excitation energy of the compound 
nucleus involved in the * 32 Th(</ 9 . 5 ,/) reaction is about 17 MeV. If the whole deuteron 
were captured the excitation energy of ^Pa is calculated from atomic masses* 12 ' to be 
17-8 MeV. If only the neutron were captured and the proton carried away no kinetic- 
energy, the calculated excitation energy of ^Th is 12-2 MeV. More probably the 
proton would carry away considerable kinetic energy; the most probable excitation 
energy of ^Th is estimated to be 3 ± 2 MeV, 1131 which is less than the fission thresh¬ 
old of about 6-4 MeV.* 14 ’ Thus most fission reactions must pass through the com¬ 
pound nucleus 234 Pa. This conclusion concerning capture of the deuteron agrees with 
that of Sugihara et al. al> for deuteron induced fission of 238 U. 

The yield-mass curve is symmetrically about A ~ 115, which implies an average 
loss of four neutrons during or prior to fission. Shifts m the symmetry point of > 1 mass 
unit give curves with appreciable deviations from the experimental data. We conclude, 
therefore, that v = 4 ± I. 

The open circles in Fig. 1 represent the relative yields from the ® 32 Th (d 13 . e ,f) re¬ 
action determined by Alexander and Coryell* 7 ' and normalized to our data at the 
®*Sr yield of 5-4 per cent. As can be seen the yields in the valley are larger at the higher 
energy as is expected. The Alexander-Coryell yield for 131 I is about a factor of two 
lower than our value; also, their 131 I yields for 238 {J(d, /) reactions at several energies 
are nearly a factor of two lower than the Clark University values. 111 ’ If the 

* The value of v — 4 was used, see the Discussion 
171 J. M. Alexander and C D Coryell, Phys. Rev 108, 1274 (1957). 

'** A. C. Pappas, Proceedings of the International Conference on the Peaceful Uses of Atomic Energy 
Geneva, 1955, Vol 7, pp. 3-14. United Nations (1956) 

1,1 A. C. Wahl, R. L. Ferguson, D R Nethaway, D E Troutner and K Wolfsberg, Phys 
Rev. 126, 1112 (1962). 

1141 A. Turkevich, J. B Niday and A. Tompkins, Phys. Rev 89, 552 (1953) 
mi -j- t Sugihara, P. J Drevtnsky, E. J Troianello and J. M. Alexander, Phys Rev 108, 1264 
0957). 

*“* B. M. Foreman, Jr and G. T Seaborg, J. Inorg Nucl Chem 7, 305 (1958) 

,1M J. M. Blatt and V. F. Weisskopff, Theoretical Nuclear Physics, p. 509 J. Wiley, New York 
(1952) 

,I4> E. K. Hyde, A Review of Nuclear Fission: Part One-Fission at Low Energy, p 32. Universtty oi 
California Radiation Laboratory Report UCRL-9036 (1960). (Unpublished). 
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AlexaNDER-Coryell value is in error, as we believe it to be, the principal evidence 
for the very broad valley in the yield-mass curve 17 ' for the tas Th(d ia ^, f) reaction is 

eliminated. 

Fig. 1 also shows the yield-mass curves for the and reactions. 

As has been noted in comparison of yield-mass curves for other fission reactions, the 
position on the /1-axis of the heavy mass peak is nearly constant, especially the position 
of the low-A side of the peak, The position of the light mass peak shifts with the A of 
the fissioning nucleus. 

Acknowledgements —We wish to express our appreciation for numerous thermal-neutron irradiations 
to members of the Radiochemistry Group at Los Alamos and to the staff of the Los Alamos Homo¬ 
geneous Reactor. Also, we wish to thank members of the Washington University Cyclotron crew for 
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Abstract— The free energy change for the reaction PuCi, (ll + iCJ, (|l = PuCl tlJ| in the temperature 
range 400-750° was determined from transport in chlorine carrier gas. The molar free energy of 
reaction may be represented by the relation A F = 37700 — 28 3 Tfcal ), where T denotes degrees 
Kelvin The standard free energy, enthalpy and entropy of formation of PuCI, are estimated 

The stability of the III-oxidation-state actinide chlorides increases while that of the IV 
and higher oxidation states decrease with increasing atomic number. Thus UCI 4 and 
NpCl 4 are stable toward decomposition at room temperatures' 1 ’ 2 ’ but, although Pu(TV) 
has been reported' 8,4 ’ to exist m double salt chlorides with alkali elements, attempts to 
prepare pure PuCl 4 were unsuccessful.' 5 ’ A lower limit for the partial pressure of PuCI 4 
(postulated compound) in chlorine gas has been determined' 5 ’ and, based upon analogy 
with UC1 4 , the thermodynamic properties were estimated.'®’ 

In this investigation, the transpiration technique was used to study the reaction 

PuCI*,„ + iCI 2(|) = PuCl 4i|) (1) 

for which the equilibrium constant may be written 




P Pad* 



( 2 ) 


where p P uci 4 and Pci, denote respectively the partial pressures of PuCl 4 and Cl 2 . Basi¬ 
cally the method is to pass a stream of chlorine gas or chlorine-argon gas mixture (the 
carrier gas) over PuCl 4 crystals at a selected rate of flow. The equilibrated gas mixture 
is collected and the chemical composition determined. In order that the transpiration 


* Work done under the auspices of the U S Atomic Energy Commission 

L Brewer, L Bromley, P W Gilles and N L Lofgren, The Transuranium Elements, NNES., 
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f 7 Katz and E Rabinowitch, The Chemistry of Uranium, NNES , Div VIII, Vol 5, p 450 
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New York (1949). 
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data be significant, it is required that the carrier gas flow be slow enough to saturate 
the gases with the reaction products but fast enough that diffusion effects be negligible. 
Wagner and Stein, (7) Merten, (8) and Hofmeister et al. m have discussed the design 
for apparatus which favours these conditions, Chlorine and argon gases were consider¬ 
ably above their normal boiling points (238 and 87°K, respectively). Thus, provided 
the partial pressure of the volatile reaction product PuCl 4 is sufficiently low, the ideal 
gas law and Dalton’s law of partial pressure may be used to calculate the partial 
pressures of each component in the gas mixture. 

In what follows, it is shown that the reaction involved is 

nPuCl 3(<| + - Cl 2(fl = (PuCl 4 ) n|j[1 (3) 

for which one may take n = 1 since the analogous gaseous UC1 4 shows no asso¬ 
ciation. (10) 


EXPERIMENTAL 

Materials PuCl, was prepared by hydrochlorination of pure Pu(III) oxalate It was vacuum 
distilled and stored as large crystals in a vacuum desiccator Tank chlorine gas (Matheson and Co , 
98 5 per cent) was used without treatment Argon gas was dried and passed over uranium chips at 
600°. Ambient atmospheric pressures were determined with an absolute mercury manometer 

Equipment The 12 mm quartz reaction tube 35 cm long was closed at one end and provided, at 
the other end, with a tapered joint at the base of which was a side inlet for the carrier gas The tapered 
joint served to receive and centre the condenser tube within the reaction tube. The condenser tube 
was fabricated from 6 mm quartz tubing and reduced to 1 5 mm tubing over the last 8 cm of length 
which, in its normal position, was located in the closed end of the horizontally positioned reaction 
tube During a run, 10 cm length at the closed end of the reaction tube was charged with fine crystals 
of PuCl, This section, containing the PuCl,, will be called the “reaction zone” The section of 1 5 
mm tubing extended to within 5 mm of the closed end and was off-centred so as to rest in the upper 
part of the reaction zone, thus permitting a greater charge of PuCl, beneath Carrier gas passed from 
the side inlet tube, over the PuCl, crystals and into the 1 5 mm opening of the condenser tube 
Transported plutonium chloride was collected as PuCl, in the larger 6 mm section at the cool end of 
the condenser tube (PuCl, on cooling decomposes to PuCl,) With the dimensions described above, 
effects of diffusion in the carrier gas were verified to be negligible by the determination of the rate of 
transport in chlorine under static conditions. 

The reaction tube was heated in a wire-wound furnace controlled to a constant temperature 
(±2°C) The temperature was measured with a calibrated Pt-Rh thermocouple located adjacent to 
the reaction tube and near the entrance of the condenser tube The temperature adjacent to the 
reaction tube at the reaction zone was found to be uniform to within 3° Glass joints and stopcocks 
were lubricated and sealed with a heavy Fluorocarbon oil The furnace and gas train were contained 
in a standard type stainless steel glove-box to protect personnel from hazards of radioactive decay 
(a-decay of Pu) 

Procedure To begin an experiment, the condenser provided with a reversed flow of carrier gas was 
positioned in the reaction tube charged with PuCl, crystals and the reaction tube was then introduced 
into the furnace After temperature equilibrium was attained, the reversed gas flow was disconnected 
and the metered gas flow in the forward direction was begun The carrier gas at ambient pressure was 
metered by displacement with concentrated H,SO, from a calibrated two-litre flask. The H,SO, was 
previously saturated with a gas of the same composition Ar-CI, mixtures were prepared by, first, 
introducing Ar into the two litre flask to a selected pressure as indicated on a Hg manometer Then 
Cl, gas was added until the pressure was equal to the ambient pressure as indicated on a Halocarbon- 
oil differential manometer After completion of a run, the PuCl, collected in the condenser was 
dissolved in dilute HNO, and determined by radioassay (a-decay of J,, Pu). 

,7I C Wagner and B Stein, Z Physik Chem 192,129 (1944) 

,M U. Merten, J. Phys. Chem 63, 443 (1959) 

( *>H K Hofmeister, R V. Haeseler and O Glemser, Z Elektrochem 64,513 (1960). 

WM J J Katz and E. Rabinowitch, The Chemistry of Uranium, NNES, Div. VIII, Vol. 5, p 479 

McGraw-Hill, New York (1951) 
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RESULTS 

The partial pressure of PUCI 4 was calculated by substitution in the equation 


/’PuClj — 


”Pu 

w Ar + n C \, + i»Pu 


Pt 


(4) 


where Pt denotes the total pressure, n Pu denotes the number of moles of Pu collected 
in the condenser, and rt AT and n clt denote, respectively, the number of moles of Ar and 
Cl 2 displaced by the H 2 S0 4 . The results are given in column 5 of Table 1. The flow 
rate, quantity of PuCl 3 transported and the partial pressure of chlorine in the saturated 


Table 1.— Partial pressure data as a function of temperature from 400 to 750° for the 
EQUILIBRIUM PuCl,,,, + K\ t , = PuCl 4(r) 

PuCl, 


Temperature, 

(°K) 

Flow-rate 

(cm'/min.) 

transported, 

(mg) 

Pci,, 

(mm) 

PpuCIa. 

(mm) 

K x 10* 
(atml) 

1024 

21 

365 

581 

9 48 

14-3 

1024 

33 

273 

288 

7 12 

152 

1023 

16 

188 

144 

4 92 

14 9 

1024 

5 

111 

58 

2 91 

13-9 

1024 

14 

83 5 

29 

2 19 

148 

1024 

7 

55 2 

11 

1 49 

161 

974 

30 

143 

585 

3 73 

559 

974 

35 

104 

294 

2-72 

5 75 

974 

15 

72 6 

146 

1 91 

5 73 

974 

19 

43 9 

59 

116 

5 45 

974 

18 

30 8 

30 

0 81 

5-42 

973 

18 

20 3 

12 

0 54 

5 70 

925 

35 

46-7 

598 

1 22 

1 80 

925 

24 

30 0 

296 

0 86 

181 

875 

35 

14 5 

598 

0 379 

0-562 

875 

24 

10 0 

293 

0 261 

0 553 

824 

19 

3 91 

582 

0 102 

1 53 

774 

18 

0 683 

587 

0 024 

0 0352 

724 

18 

0 174 

592 

0 0044 

0-00656 

698 

18 

00649 

589 

00017 

0-00254 

674 

35 

0 0226 

588 

0 00060 

0 000895 


carrier gas are tabulated in columns 2, 3, and 4, respectively, of the same table. The 
equilibrium constants which were computed by substitution into Equation (2) are 
tabulated in column 6 . The values of the “constant” defined by Equation (2) are 
essentially independent of the Cl 2 partial pressure at 600, 650, 700 and 750°. This 
substantiates the choice of reaction 1 over the other possible reactions such as that 
involving the formation of condensed PuCI 4 or chlorides of Pu in higher oxidation 
states. 

The free energy change for reaction 1 was calculated with the aid of the equation 

AF X = —FT In K. (5) 

The results which are tabulated in column 2 of Table 2 may be represented by the 
equation 


A/qfcal) = 37 700 - 28-3 T. 


(6) 
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The entropy and enthalpy change for reaction (1) may be computed respectively by 
substitution of Equation 6 into the equations 


/SAFA 

AS,(e.u.) = — (“jjjT j 


AW,(ca!) = A/\ + TAS V (8) 

It has been pointed out that the data show PuCl 4 exists only in the gaseous state 
rather than a condensed state under the conditions investigated. If the chlorine 
pressure had been sufficiently high, standard condensed PuCI 4 would have been formed. 
In order to refer the quantities AF h AS X and AW, to the standard condensed state of 
PuCi 4 , the heats and entropies of fusion and of vaporization of ThCl 4 , NpCl 4 (11) and 
UC1 4 <121 were used to estimate for PuCl 4 the heat of fusion, 

AW, = 12 000 cal, (9) 

the entropy of fusion, 

AS", = 14e.u., (10) 

the heat of vaporization, 

AW V = 30 000 cal, (11) 

and the entropy of vaporization, 

AS V = 27 e.u. (12) 

These values are approximately the same as those estimated by Brewer et al. w except 

that a slightly lower value of entropy of vaporization has been chosen. From these 
data, the normal melting point and boiling point are calculated respectively to be 857 
and 1111°K and the free energies of vaporization and sublimation are respectively 

AF v (cal) — 30 000 - 21 T (13) 

and 

AF 8 (cal) = 42 000 - 41 T (14) 

In addition, the standard free energy, entropy and enthalpy for the formation of solid 
PuCl 3 at elevated temperatures are available from emf data.* 131 Jette < 14) has summa¬ 
rized data on the fusion of Pu. These data may be combined with Equation (6) to 
calculate the standard free energy (A F°), entropy (AS°) and enthalpy (AH 0 ) for the 
formation of PuCl 4 . The results may be summarized in the following equations 

(a) the standard free energy of formation of gaseous PuCl 4 , 

AF° (g > - -182 000 + 23-3 r (above 1111°K, extrapolated) (15) 

(b) the standard free energy of formation of liquid PuCJ 4 , 

A o = -212000 + 503T(913-1111°K) 
r (I1<1) = —210 000 -|- 47'8T(857-913°K) ( 

and 

(c) the standard free energy of formation of solid PuCl 4 , 

AF° m = -222 000 + 6I-87X674-857°K). (17) 

,ul J. J. Katz and G. T. Seaborg, The Chemistry of the Actinide Elements , p 48 Methuen, London, 
(1957). v 

(ul J. J. Katz and E. Rabiho witch, The Chemistry of Uranium, NNES Div. VIII. Vo!. 5, p. 475-7 
McGraw-HiU, New York (1951). 

“*' R. Benz and J. A. Leary, J. Phys. Chem. 65, 1056 (1961). 

1141 E. Jette, J. Chem. Phys 23, 365 (1955) 
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Table 2.— The free energy of the reaction PuC 1, (1) + *£W, " PuC feail ^ 
and the standard free energy of formation of PuCl 4(t) , AP° AND OF Pua 4(ltql , 

_ AF °<1U1- 


Temperature 

(°K) 

(kcal) 

A F* 

' (•> 

(kcal) 

Af.iu,, 

(kcal) 

1024 

+8’6 ± 0-3 



974 

100 

-163 ±6 , 


925 

11 6 

-166 


875 

130 

-168 


824 

144 


-171 ± 6 

774 

15 8 


-174 

724 

172 


-177 

698 

179 


-179 

674 

18-6 


-180 


Some values of the standard free energy of formation of PuCl 4 are listed in columns 
3 and 4 of Table 2. 

DISCUSSION 

An important criterion for the evaluation of the reliability of the data obtained from 
transpiration experiments is independence of the calculated partial pressure and the 
flow-rate. An appreciable dependence would reflect effects such as non-equilibrium, 
diffusion and thermal diffusion. In the present experiments, no systematic dependence 
of the PuCl 4 partial pressure on the flow-rate was observed. Pressure drop through the 
system due to the finite rate of gas flow was estimated to be less than 2 mm/Hg. In 
order to reduce effects of absorption of chlorine gas, the sulfuric acid was saturated 
with a gas mixture of the appropriate composition before each run. The dissociation 
of Clj gas is negligible/ 16 ’ The chlorine partial pressure in Ar-Cl 2 mixtures is accurate 
to within 1 mm Hg. The vapour pressure of PuCl 3 a *’ is negligible. The uncertainty in 
the volume of the metered gas is less than 0-5 per cent. The temperature readings are 
estimated to be within ±4° corresponding to an uncertainty of 012 kcal in the free 
energy of reaction. Radioassays corrected for M1 Am contamination give the Pu trans¬ 
ported accurate to within 2 per cent. The maximum uncertainty in the free energy 
change for reaction (1) is estimated to be 0-3 kcal or about 4 per cent. The estimated 
uncertainty in the enthalpy and entropy are respectively 2 kcal and 2 cal/degree. 

The uncertainties in the standard quantities of formation of PuCl 4 are somewhat 
greater because the data for PuCl 3 have been extrapolated and, principally, because of 
the uncertainty in the free energies of condensation. Equations (13) and (14). The 
molar free energy, enthalpy and entropy are estimated to be reliable to within 6 kcal, 
9 kcal and 9 cal/degree, respectively. 

The free energy of formation of liquid PuCl 4 at 700°, —163 ± 6 kcal, may be 
compared with —160 kcal which has been estimated by Brewer et al. m 

Acknowledgements —The author wants to thank R L Nance for the preparation of distilled PuCl, 
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(Received 18 December 1961; in revised form 6 April 1962) 

Abstract —Equilibrium pressure curves have been determined for the ternary zirconium-titanium- 
hydrogen system, based on the 55 atomic per cent alloy, between 550 and bSO^C, and a tentative phase 
diagram has been constructed for the addition of hydrogen to the alloy. A room-temperature X-ray 
study has identified the expected phases in the ternary system isomorphous with those in the zirconium 
and titanium systems, and in addition a new hexagonal phase has been partially characterized. 

The reaction of hydrogen with a zirconium-titanium alloy was studied in connection 
with the use of the alloy as a “getter” for hydrogen, in an inert gas stream. Preliminary 
experiments, using heated zirconium as a getter for hydrogen, showed that reaction 
was rapid at about 550°C, and that the hydrogen equilibrium pressure was low. These 
experiments confirmed the work of previous experimenters regarding the variable 
reactivity of zirconium, depending on the surface pretreatment. Because of this 
variable reactivity and the possibility of surface film and dust formation, it was decided 
to investigate the use of a zirconium alloy for removing hydrogen. It was known that 
Pascard and Fabre (1) had successfully used a 50 atomic per cent zirconium-titanium 
alloy at 800°C for removing oxygen from argon, and this alloy and the 55 atomic 
per cent alloy were studied as hydrogen getters 

A study was made of the kinetics of reaction (1) However, of fundamental impor¬ 
tance to the use of such a getter is the equilibrium pressure of hydrogen above the metal, 
since the reaction is reversible: the metal when heated in hydrogen reaches an equi¬ 
librium value which depends on the temperature and pressure of hydrogen in the 
surrounding atmosphere. It was therefore necessary to determine equilibrium 
hydrogen pressures with varying concentrations of hydrogen in the alloy at different 
temperatures. At the same time it was considered valuable to extend the studies by 
using X-ray diffraction to characterize the phases found at room temperatures and to 
relate these, where possible, to those found in the three binary systems Zr-Ti, Zr-H 
and Ti-H. 

The ternary system zirconium-titanium-hydrogen has been examined by 
McQuillan* 2 ' in the course of a study of the fundamental relationships between 
zirconium and titanium, e.g., the effect of substituting titanium for zirconium in alloys. 
Equilibrium pressure measurements were made at higher temperatures than those used 
in the present study, and some X-ray investigations were made on saturated hydrides. 

* Present address: U K.A.E.A. (Reactor Group), Risley, Warrington, Lancs 
t Present address: U.K A E A (Production Group), Springfields, Salwick, Lancs. 

1,1 V, Y. Labaton, S. O. Donn, R. H. Watson and E. Whitehead. To be published. 

A D McQuillan, Birmingham University Private communication (1959). 
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The related zirconium-hydrogen and titanium-hydrogen systems have been extensively 
studied. 

Absorption isotherms of the equilibrium concentrations of hydrogen in zirconium 
have been determined over a wide range of temperature by Hall et a/.,' 51 Edwards et 
a/.(«) and Gulbransen and Andrew.' 41 Hall et al (8) were among the first to realize 
the importance of the surface condition of the zirconium and the large inhibiting effect 
of surface oxide contamination. The effect of oxygen on the reaction between zirco¬ 
nium and hydrogen has been studied by Edwards and Levesque,' 91 Gulbransen and 
Andrew, < 7> and Pemsler. 181 

The constitutional diagram of the zirconium-hydrogen system has been studied by 
Gulbransen and Andrew,' 51 Edwards et al., {i) Ells and McQuillan' 91 and 
Libowitz' 101 by measuring hydrogen equilibrium pressures over wide ranges of tem¬ 
perature and hydride composition. Vaughan and Bridge' 111 determined the phase 
diagram over the range 0-65 atomic per cent hydrogen by high-temperature X-ray 
methods, while most recently Espagno et al. used high-sensitivity dilatometry' 12 - 131 and 
X-ray methods' 141 to establish the diagram, in particular the characteristics of the 
eutectic change. The related ternary system zirconium-oxygen-hydrogen has been 
studied by Hall et al ,< 31 Edwards and Levesque,' 61 and Ells and McQuillan,' 91 
and partial ternary phase diagrams have been proposed. 

Isotherms for the absorption of hydrogen by titanium have been determined by a 
number of workers including McQuillan.' 151 McQuillan and others have noted 
that surface contamination has a considerable effect on absorption of hydrogen by 
titanium in a similar way to zirconium. A constitutional diagram for the titanium- 
hydrogen system was derived by McQuillan from experimental absorption curves, 
and phase relationships at temperatures below the range investigated by McQuillan 
have been studied using conventional metallographic techniques by Lenning et al 1161 

1 EQUILIBRIUM PRESSURE STUDIES 

1.1 Experimental 

The apparatus shown in Fig 1 was used to obtain equilibrium pressure composition curves for the 
zirconium-titanium-hydrogen system, and to study the kinetics of reaction between the alloy and 
hydrogen at constant pressure *** It consisted essentially of two sections connected by a pressure¬ 
regulating valve F. Samples of zirconium-titanium of known hydrogen content were prepared by 
admitting a measured amount of hydrogen from the storage section B to the alloy heated to the desired 
temperature The alloy sample contained in a silica tube C was heated in the furnace G which was 
controlled to ± 3°C by a Keat Multilcc control system. The sample was taken to be at equilibrium 
when the hydrogen pressure above it, which was measured on the McLeod gauge D, remained constant 

'” M. N A Hall, S L A Martin and A L G Rees, Trans Faraday Soc 15, 306(1945) 

R K. Edwards, P Levesque and D Cubicciotti, J Amer Chem Soc 77, 1307(1955) 

(•’E. A. Gulbransen and K F Andrew, Trans Amer Inst Min. (Metall) Engrs 203,136(1955) 
*” R. K. Edwards and P Levesque, J Amer Chem Soc.Tt, 1312(1955) 

1.1 E. A. Gulbransen and K. F Andrew, Rev Metall 51,101 (1954) 

“ l J. P Pemsler, J. Electrochem Soc 105,315 (1958), 

C E Ells and A D McQuillan, J Inst Met 85,89(1956) 

,u> G. G Libowitz, Atomics International, Report NAA-SR-5015 (I960). 

,,1) D. A. Vaughan and J R Bridge, J Metals (NY) 8, 528 (1956) 

11,1 L. Espagno, P Azou and P Bastien, C R Acad Sci , Pans, 247, 1199 (1958) 

L Espangno, P Azou and P. Bastien, C R. Acad Sci., Parts, 248, 2003 (1959). 

R- Espangno, P Azou and P Bastien, CR Acid Sci , Pans, 249, 1105 (1959) 
u*i A D McQuillan, Proc Roy Soc A 204, 309 (1950) 

d* 1 G A Lenning, C, M. Craignhead and R 1 Jaffee, Trans. Amer Inst. Min. (Metall) Engrs 200, 
367 (1954) 



J 


Phase and equilibrium pressure studies of the zircoruum-titanium-hydrogen system 1199 

over a period of 1 hr. A series of equilibrium experiments were made at temperatures between $50 and 
650°C. • 

The 55 atomic per cent zirconium-titanium alloy used for the majority of the investigation was 
manufactured by Imperial Chemical Industries, Ltd. (Metals Division) from 70 atomic per cent 
zirconium sponge and 30 per cent titanium granules by melting/n vacuo. w The 50 atomic per cent 
alloy also used was prepared by argon-arc meltmg of iodide zirconium and titanium sponge. 

i 



1.2 Discussion of results 

The results of equilibrium pressure measurements are plotted logarithmically in 
Fig. 2. From the phase rule, in such plots a change in slope indicates a phase change. 
It is deduced that, in the temperature region investigated, the first change in slope 
represents a change in phase from ft to (ft + y), and the second change in slope the 
transformation from (ft + y) to y phase. Here ft and y have the normal connotations 
i e. /? is the body-centred phase and y the face-centred cubic phase. 

For the 55 atomic per cent alloy the hydrogen contents of the alloy at which the phase 
changes occur vary only slightly with temperature. The fact that the equilibrium 
pressure curve at 550°C for the 50 atomic per cent alloy is higher than that for the 55 
atomic per cent alloy agrees with the fact that titanium hydrides have higher equi¬ 
librium pressures than zirconium hydrides at the same temperature. From the experi¬ 
mental points obtained for the ft —<► (ft + y) —>► y transitions and published phase 
diagrams for the systems zirconium-hydrogen (Vaughan and Bridge 111 ), titanium- 
hydrogen (McQuillan 1181 ) and zirconium-titanium (Fast (17) ), a three dimensional 
phase structure was assembled. The phase relationships at 750°C were based on 
results of McQuillan ; <2) at other temperatures the phase relationships were con¬ 
structed by using literature values for the two-component systems, results from the 
present study where available, and (where necessary) interpolations based on relative 
areas and the known effect of temperature on the phase changes. From this tentative 
three-dimensional phase structure a provisional phase diagram for the 55 atomic per 
cent alloy and hydrogen was constructed by taking the appropriate plane through the 
structure; this is shown in Fig. 3. The a-phase is the hexagonal close-packed phase. 

I- D. Fast, Rec. Trav. chim. Pays-Bas 58, 973 (1939). 
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LOG ATOM RATIO H farTl'l 

Fig. 2 —Equilibrium pressure curves for the hydrogen zirconium-titanium system. 

The phase diagram presented is tentative, being based on limited experimental results, 
and is incomplete, particularly in the low-temperature range. 

Results of an X-ray study (discussed in Sub-section 2.2) of samples prepared in the 
temperature range 600-700°C and subsequently cooled slowly to room temperature 
show the presence of phases rich in zirconium and titanium. These results cannot 
therefore be compared with Fig. 3, which shows the phases present on the 55 atomic 
per cent zirconium-titanium plane, the assumption being made there that the phases 
in the ternary system would be intermediate between those of the binary systems. 

2. X-RAY STUDIES OF ZIRCONIUM-TITANIUM HYDRIDES 
2 1 Experimental 

All the samples examined, with one exception, were hydrides of alloy containing 55 atomic per cent 
zirconium, one sample was prepared from 50 atomic per cent alloy The samples were prepared by 
allowing the alloy to take up a measured amount of hydrogen at 600°C in the apparatus shown in 




I ' J 

Phase and equilibrium pressure studies of the rircotuum-ritamum-hydrogen system 1201 



Fig 3 —Provisional phase diagram for 55 atomic per cent 
zirconium-titanium alloy and hydrogen. 


Fig 1 They were normally allowed to cool slowly over a period of 2 hr, but in two instances were 
quenched by plunging the reaction tube into oil at room temperature Samples with hydrogen 
contents greater than that represented by the composition (ZrTi)H„ 05 , was first fully dehydrided by de¬ 
gassing to 0 05 n at 850°C This powdered sample of the pure alloy was then treated with the desired 
amount of hydrogen as described above. 

The X-ray diffraction photographs were taken on a Nonius Guinier quadruple-focusing camera of 
effective diameter 22 9 cm Since the object of the investigation was only phase identification, lattice 
parameters were not refined 

2 2 Discussion of results 

Four major crystalline phases were identified: 

(t) A hexagonal phase, «„ isomorphous with a-Zr and a-Tt and having inter¬ 
mediate lattice dimensions This phase, which has a hexagonal close-packed structure, 
has been observed previously by a number of workers investigating the zirconium- 
titanium system (Fast <17) ; Hayes et al, m) ; Duwez <19) ). The lattice dimensions 
found here for alloy with zero hydrogen content agree well with those of Fast. 

(u) A body-centred cubic phase /?, isomorphous with /S-Zr and /3-Ti having inter¬ 
mediate lattice dimensions. This has also been found in the zirconium-titanium 
system as a high-temperature phase which can be retained at room temperature by 
quenching. It is not normally found in slowly cooled samples, since transition to the 
a,-phase takes place on cooling. The presence of small amounts of hydrogen in solid 
solution presumably retards the rate of transformation of the high-temperature to the 

"" E. T Hayes. A. H. Robertson and D G Paasche, Rep Invest US Bur Min no. 4826 (1951). 
,IS " P. Duwez, J Inst. Met 80, 525 (1952) 
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low-temperature phase. Hatt and Williams' 80 * conclude in a recent study that the 
P-phase in not retained in the 50 atomic per cent alloy even at fast quenching rates, 
unless impurities are present. The lattice dimensions found in the present work agree 
with those of Duwez for alloy of composition 55 atomic per cent. 

(iii) A face-centred cubic phase, y, whose cell side is very close to that of the face- 
centred cubic phase found in the zirconium-hydrogen system at high hydrogen 
contents, i.e. at about 60 atomic per centH. Although this phase appears over a range 
of composition from (ZrTOHj 25 to (ZrTi)H t BB . no systematic variation in cell side has 
been observed. Accurate estimates of the cell side have not been possible, because of 
the diffuse nature of the reflections and of coincidences of a number of reflexions with 
those of other phases. However, differences have been observed between one sample 
and another which are outside the limits of experimental error. Values of the cell side 
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Fig 4 —Phases found in the Zr-Ti-H system 

lie between 4-75 and 4-77 A. That of y-ZrH 2 containing 61-8 atomic per cent H is 
4-76 A (Sof’ina et a! <21) ). y-Titanium hydride which occurs over the range 50-72 
atomic per cent H has a value of a lying between 4-395 and 4-45 A 

Confirmation that this is a zirconium-rich phase also comes from the fact that, in 
the one instance where this phase was found together with the a,-phase, the lattice 
dimensions of the latter were lower than those of the 55 atomic per cent zirconium 
alloy. Its zirconium content must be lower and hence that of the co-existing y-phase 
higher that 55 atomic per cent. 

(iv) A hexagonal phase, a*, quite distinct from the a r phase. The c-axis is smaller 
and the a-axis larger than in the aj-phase. The lattice dimensions increase with increas¬ 
ing hydrogen content while the axial ratio remains constant within the limits of 
experimental error. 

The phases found at different hydrogen contents are represented diagrammatical I' 
in Fig. 4. This is in no sense a phase diagram since, with one exception, all the samples 
were examined after cooling slowly to room temperature; they could therefore 
contain a mixture of high- and low-temperature phases, the proportions depending 
on the rates of cooling and rates of transition of one phase to another. In the instance 

< “’ B A. Hatt and G I Williams, Acta Met 7, 682 (1959) 

V. V. Sof’ina, Z. M. Azarkh and N N Orlova, Krtswllographiya 3, 539 (1958). 

'**> G. Haog, Z Phys. Chem. B 11,433 (1931). 

P. Eruch, Z Angew. Chem 59, 163 (1947) 

"* T. R. P. Gibb and H W. Krushwitz, J. Amer. Chem Soc. 72, 5365 (1960). 
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where a sample of composition (ZrTi)Y 0 M was cooled rapidly by quenching in oil and 
compared with the slowly cooled one, a marked difference was found in the ratios of 
the phases, the quenched sample showing an increased proportion of the a,- and /?- 
phases. This suggests that the o^-phase might be a high-temperature one. The /1-phase 
is already known to be a high-temperature one from work in the Zr-H and Zr-Ti 


systems. 


Table 1 —X-ray powder data for (ZrTJOH,.,, 


d 

(A) 

Intensity 

a, -phase, 
hkl 

y-phase, 

hkl 

4 77 

vvw 

001 


2 91 

s 

100 


2-758 

s 


111 

2 480 

vs 

101 

200 

2 372 

m 

002 


1-676 

w 

110 

220 

1 579 

m 

111 


1-453 

mw 

200 


1-376 

vvw 

103, 201 

222 

1-238 

vw 

202 



a,-phase has a = 3 354 A , e = 4 74 A 


Table 2 -X-ray powder data for (ZrTiJHo.,, 


d 

(A) 

Intensity 

a 2 -phase, 
hkl 

y- phase, 
hkl 

/?-phase 

hkl 

2 85 

m-t 

100 



2 746 

m 


111 


2 471 




110 

2 425 

s 

101 



2 320 

w~h 

002 



1 684 

vw 


220 


1 641 

w + 

110 



1 547 

m 

lit 



1 422 

m-diffuse 

200 




a„-phase has a — 3 285 A, c = 4 64 A 


The existence of a new phase (a 2 ) in the mixed hydride system is of some interest, 
and although its exact identity cannot be deduced on the basis of the scanty survey 
made here, a few conclusions can be drawn. It is clear that the hexagonal a 2 -phase is 
quite distinct from the hexagonal close-packed aj-structure found at low hydrogen 
contents, for the following reasons. Firstly, the Xj-phase disappears at a hydrogen 
content of about 28 atomic per cent and the « 2 -phase is first observed at a hydrogen 
content of about 36 atomic per cent. Secondly, the axial ratio (c/a = 1-413) is well 
outside the limits (1-57-1-64) for hexagonal close-packing. Thirdly, the presence of 
reflexions hhl in the diffraction pattern completely rules out the space group P6 mmc 
which is that of hexagonal close-packed structures. 

Since the a 2 -phase is always found together with the /-phase, which has a composi¬ 
tion close to ZrH 2 , it must contain less than 55 atomic per cent of zirconium (the 
average composition). An examination of hydrides of alloys containing less than 55 
per cent of zirconium would undoubtedly throw some light on the composition of this 
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phase. The X-ray patterns of two compositions showing the « 2 -phase are given i n 
Tables 1 and 2. 

Acknowledgement — This paper is published by permission of Mr. R. V. Moore, Managing Director 
of the Reactor Group of the United Kingdom Atomic Energy Authority. 
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THE HEAT STABILITIES OF SOME POLYMERIC 
METAL COMPLEXES* 

Edward J. FRHHAUFf and John C. Bailar, Jr. 

The William Albert Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois ' 

(Received 9 April 1962) 

Abstract— Heat stability data are reported for a series of polymeric complexes of bis-(2-pyndmal)- 
biphenylene-4,4'-diimine. The salts which have been shown to give polymers are nickel(II) sulphate, 
zmc(II) nitrate and the following divalent metal chlorides and nitrates: iron, cobalt, nickel, copper, 
cadmium and mercury. In general, the metal nitrate polymers do not lose weight below 200°, the 
metal chloride polymers below 250°, and nickel(II) sulphate polymer below 300°C. 

To date, most efforts to prepare coordination polymers have involved the use of organic 
chelating agents which simultaneously satisfy charge and fill the coordination positions 
of the metal ion. This study was undertaken to examine the heat stabilities of some 
coordination polymers in which the organic chelating agent does not neutralize the 
charge on the metal ion. bis-(2-Pyridmal)-biphenylene-4,4'-diimine(I) was chosen as 
the chelating agent because 



CH CH—jj'' 


(1) It can satisfy acceptor sites on metal atoms but it cannot satisfy their charge. 
Linear polymeric metal complexes of this chelating agent have the structure shown 
in II. 



Here M represents a metal atom having a positive charge +n and A is some mono¬ 
valent anion which is not part of the chelating agent. Since the chelating agent does 
not neutralize charge, an anion must be present to neutralize the positive charge of the 
metal ions. 

(2) Molecular models show that there is little possibility of forming a cyclic chelate 
as shown in III, Bond angles and steric requirements are such that the cyclic structure 
shown in III seems less likely than the polymeric structure shown in II. Molecular 

* This paper represents part of the work submitted by Edward J, Friihauf to the University of 
Illinois for the degree of Doctor of Philosophy. 

t Firestone Tire and Rubber Company Fellow 1959-60; National Science Foundation Fellow 
1960-61. Present Address: J. T. Baker Chemical Co, Phillipsburg, N.J 
3 1205 
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models also show that there is little evidence for expecting a cross-linked polymer 
when a hexa-co-ordinate metal such as Fe(II) or Co(II) is used. When three of these 
chelating groups approach a metal ion, each group prevents the other two from closely 
approaching the metal ion. However, the models show that two of these chelating 



groups can closely approach a metal ion having octahedral, tetrahedral or planar 
stereochemistry. 

(3) The use of the biphenylene functional group avoids the thermal instability of 
saturated carbon chains. It also imposes a steric situation which lessens the possibility 
of forming a cyclic chelate as shown in III. 

(4) The use of the pyridinal group allows conjugation in the five-membered chelate 
ring and possible double bonding with the metal atom. The presence of this conjuga¬ 
tion or Tr-bonding may lead to greater heat stability. Since the (C—-N) azomethine 
linkage is a member of a chelate ring, the presence of resonance in this chelate ring can 
be determined from the magnitude of the C-— N stretching frequency. Any 7r-bonding 
in this five-membered ring tends to lower the C—N stretching frequency as compared 
to that of the free base. 

The metal sulphates, chlorides and nitrates used in conjunction with (I) to form 
polymers are listed in Table 2. It was realised that polymers containing the nitrate ion 
would not be thermally stable. However, it seemed desirable to compare the chloride 
and nitrate polymers to see whether the same relative order of heat stabilities was 
displayed by both series. The chloride and nitrate ions were chosen because the former 
is a good donor and the latter is a bad donor The heat stability data (Table 2) show' 
the effect of different anions in polymers which contain the same chelating agents and 
metal ions. 

DISCUSSION 

1. Preparation of compounds 

The polymeric complexes were prepared by bringing together methanol solutions 
of the chelating agent and the appropriate metal salt. In some instances, solid formed 
during the addition of metal salt and in other instances [NiCl*, Fe(N0 3 ) 2 , Co(N0 3 ) 2 , 
N^NOj)* Cu(N0 3 ) 2 ], the polymer remained m solution even after all of the salt had 
been added. Evaporation of the reaction mixtures to dryness led to solid polymeric 
products which were washed with acetone in a Soxhlet extractor, dried, and analysed 

When acetone or ethanol were used as reaction solvents, solids formed immediately 
after the metal salt was first added to the chelating agent. Chemical analysis for these 
solids agree well with those calculated for complexes showing metal to ligand ratios 
between 4:3 and 3 • 2. 
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All of the polymeric products prepared for this study are coloured, hygroscopic 
solids. This hygroscopic nature accounts in part for the differences between the ana¬ 
lytical values calculated and those found. In general, hydrogen values are high and 
carbon and metal values are low. Chemical analyses for the polymeric complexes of 
copper(II)chloride and nickel(II) sulphate show that one molecule of water is associated 
with the repeating unit in the polymer. 

A polymeric zinc(II) chloride complex could not be obtained by using the prdbedure 
which led to the other polymers. Attempts to prepare the zinc chloride polymer in 
methanol gave a complex having a metal to ligand ratio of two to one (empirical 
formula: C^HjgN^^ZnClg). 

The copper(II) nitrate polymer can be pulled into threads and the mckel(II) 
chloride polymer forms a putty-like solid just before the respective reaction mixtures 
are freed of methanol. After the methanol has evaporated, a glassy brittle solid is left 
in the case of the copper(H) nitrate polymer and a powder in the case of the nickel(II) 
chloride polymer. When the methanol reaction mixtures of the other polymers are 
freed of methanol, brittle glasses or finely divided solids remain. After drying, all of 
the glassy solids can be reduced to fine powders by grinding. The adhesive properties 
are temporary and depend on the presence of a small amount of methanol which acts 
as a plasticizer. 

Table 1 —Polymer solubility* 

Dimethyl- Dimethyl- 

Polymer Water formamide Sulphoxide Pyridine Benzene Tetrahydrofuran Methanol 


FeCI i p s 

CoCl, .v j 

NiCl, s pm 

CuCI, p.m pm. 

CdCl, p.s. p 

HgCl, / * 

FeiNO,), p s 

Co(NO,), p s 

Ni(NO,) t j s 

Cu(NO a ), p p 

Zn(NO,) a p s 

Cd(NO,), P p 

Hg(NO,)„ p p.m. 

NiSOj s p 


s s i 

s s i 

p.m s i 

s s i 

s s p s. 

s p i 

s s i 

s pm. i 

s p i 

s s p.s 

s s i 

s s i 

P P ' 


P 

i 

l 

l 

p.s. 

P 

p 

i 

i 

/ 

p.s. 

i 

i 

i 


P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

P 

ps. 

p 

p 


* Abbreviations 

i—soluble i—insoluble p —partly soluble 

p m .—partly soluble (almost all is soluble) p s —partly soluble (very little is soluble) 

Qualitative solubility data for the polymers that were tested for heat stability are 
listed in Table 1. Each determination involved about 3 mg of polymer per 3 ml of 
solvent. 


2. Infra-red study 

Stratton and Busch have studied the infra-red spectra obtained for metal complexes 
of 2-pyridinaldazine and 2-pyridinaImethylimine and assigned modes to all bands in 
the 1400-1700 cm -1 region of the spectra. (1) TheC=N stretching frequencies displayed 
by the iron complexes are lower than for the uncomplexed ligands. This lowering of 

W T. Stratton and D H Busch, / Amer Chem. Soc 82, 4834 (1960) 
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the C=N stretching frequency for the iron complexes is attributed to w-bonding in 
the chelate ring. Resonance in the chelate ring is expected to lead to a lower G=N 
stretching frequency because the bond order of the carbon-nitrogen bond is lowered. 
Possible 77 -bonding in the polymeric complexes was likewise studied by examining the 
infrared spectra in the 1500-1700 cm -1 region. The polymers show strong bands in 
the 1600 cm -1 region, slightly stronger bands in the 1500 cm -1 region and weak bands 
in the 1560 cm -1 region. These bands are attributed to aromatic ring vibrations of the 
pyridine and benzene rings. (2) The bands of medium intensity above 1625 cm -1 are 
due to the C=N stretching mode. With the exception of the iron(II) nitrate polymer, 
for which a C=N bond is not observed, all of the polymers display increased C=N 
stretching frequencies when compared to metal-free bis-(2-pyridinal)-biphenylene-4,4'- 
diimine. The C=N stretching frequency for the iron(II) nitrate polymer is possibly 
superimposed on the band at 1600 cm -1 . These results indicate some 7r-bonding in the 
chelate rings of the iron(II) nitrate polymer and no similar 7r-bondmg for the other 
polymers. 

3. Heat stability determinations 

The thermogravimetnc balance used for this study is similar to the one described 
by Winslow and Matreyek.* 31 The polymeric products were dried for 12 hours at 
140° m the balance and tested for heat stability in a nitrogen atmosphere. The data 
are reported in Table 2 as per cent weight loss over successive twelve hour periods at a 

Tabu-. 2 —Heat stability data for polymeric metal complexes of 
bis-(2-pyridinal)-biphenylene-4,4'-diimine, (PBD) 



Metal 

M 

Anion 

A 

% Decomposed after Successive 12 hr periods 
at Designated Temperatures 

250" 300 J 350" 400' 

Fe(II) 

Cl 

10 7 

58 0 



Co(II) 

Cl 

0 58 

8 80 

46 0 


Ni(II) 

Cl 

1-70 

5 50 

34 5 


Cu(Il) 

Cl 

3 06 

125 

44 0 


Cd(II) 

Cl 

000 

5 30 

340 


Hg(II) 

Cl 

3 70 

11 0 

46-0 


Fe(II) 

NO, 

43 0 




Co(H) 

NO, 

1-48 

125 



Ni(II) 

NO, 

20 

27 0 



Cu(II) 

NO, 

43 0 




Zn(II) 

NO, 

24 

500 



Cd(it) 

NO, 

000 

0 25 

4-93 

70 0 

Hg(II) 

NO, 

9 50 

36 0 



Ni(II) 

SO, 

2’50 

250 

740 

204 

Metal Free 

PBD 

0 70 

3-00 

170 



1,1 L. J. Bellamy, The Infra-red Spectra of Complex Molecules, p 64-73 J. Wiley, New York (1958) 
F. H. Winslow and W. Matreyek, J, Poly Sci. 22, 315 (1956). 
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designated temperature (constant within ±3°). The data show many of these polymers 
to be stable at 250° and the nickel(II) sulphate and cadmium(II) nitrate polymer 
polymers to temperatures above 300°. Unfortunately, most of the polymers are less 
heat-stable than the metal-free chelating agent. Many of these polymers retain water 
after drying for four hours at 100° in vacuo (0-3 mm Hg); a weight loss of up to two 
per cent at 250° is probably due to loss of water. The heat stability of the cadmium 
nitrate polymer is certainly not expected when one considers the poor heat stability of 
the other nitrate containing ploymers, 

The order of heat stability for the chloride containing polymers is Cd(II) ^ Ni(II) 
> Cu(II) ^ Co(II) Hg(ll) > Fe(II) and the order of heat stability for the nitrate 
containing polymers is Cd(II) > Co(II) > Ni(II) > Hg(II) > Zn(II) > Cu(II) 
Fe(II). The order of heat stability for the nickel polymers is S0 4 a_ > Cl - > N0 3 “. 
The data show that the relative orders of stability differ in the nitrate and chloride 
series. The presence of 7r-bonding in the chelate rings of the iron(II) nitrate polymer 
has no significant effect on the thermal stability of the polymer. The data also show 
that the anion strongly affects the stability of the nickel polymers. 

EXPERIMENTAL 

Bls-(2-Pyridinal)-biphenylene-4,4'-dmmne 

A warm solution of benzidene (m p 129-130°)(25-7 g, 0 1395 mole) m 200 ml of absolute ethanol 
was slowly added with stirring to a warm solution of pyndme 2-aldehyde* (30-0 g, 0 280 mole) in 
50 ml of absolute ethanol. A yellow solid formed immediately. The reaction mixture was stirred for 
one half hour. Yield of crude solid after washing with ethanol and drying in air, 52 0 g (100 per cent) 
Yield of yellow needles after recrystallization from acetone, 23 3 g (46 per cent) m.p. 177-179 
Found- C, 79 4; H, 5 02 Calc for C 14 H la N 4 C, 79 6, H, 4-98%) 

Polymeric metal complexes of bis-(2-pyridinal)-hiphenylene~4,4'-diimme (PBD) 

All of the polymeric complexes were prepared by essentially the following procedure Those which 
were tested for heat stability were prepared in methanol. Reagent grade metal salts were used without 
further purification. Chemical analyses and other pertinent data are listed in Table 3. 

A warm solution of iron(Il) chloride tetrahydrate (0 2740 g. 0 00138 mole) in approximately 40 ml 
of methanol was slowly added with vigorous stirring to a refluxing solution of bis-(2-pyridinal)- 
biphenylene-4,4'-dumine (PBD)(0 5000 g, 0 00138 mole) in 200 ± 10 ml of methanol. The ferrous 
chloride solution was added dropwise in four separate portions and the reaction mixture was allowed 
to reflux on Che steam bath for 1-2 min after each portion of salt solution had been added. After all 
of the salt was added, the reaction mixture was evaporated to dryness on a steam bath to yield a green 
solid. This solid was dried in the oven at 110 C, and then extracted with acetone. The extracted 
product was dried in air and then in vacuo 

* Pyndine-2-aldehyde (Aldrich Chemical Company) was used without further purification 
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Hg-Se SYSTEM 

A. J. Strauss and L. B. Farrell 

Lincoln Laboratory,* Massachusetts Institute of Technology, Lexington 73, Massachi#etts 

C Received 8 January 1962, in revised form 16 April 1962) 

Abstract—The portion of the Hg-Se system between 50 and 100 atomic % Se has been investigated by 
thermal analysis. The melting point of HgSe is 799°C. A region of two immiscible liquid phases 
extends from approximately 71—85 atomic % Se at the monotectic temperature (686°C). Within 
experimental error, the eutectic temperature is the same as the melting point of Se (220°Q. 

Mercury and selenium form the compound HgSe (tiemannite), which crystallizes in 
the zincblende structure with lattice constant a = 6-08 A. U) The only other informa¬ 
tion published on the Hg-Se system is a report that the HgSe-Se eutectic probably 
lies very close to pure Se. <2) In the present study, the portion of this system between 
50 and 100 atomic % Se has been investigated by thermal analysis. 

EXPERIMENTAL 

Each sample was prepared by placing Hg and Se (99-999 % purity) totaling 200 g in a quartz tube 
which was then evacuated and sealed off The thermocouple for measuring sample temperatures was 
inserted into a re-entrant tube at the bottom of the sample tube. A chromel-alumel thermocouple 
was used for about half the measurements, and a Pt-(Pt-l 3 % Rh) thermocouple was used for the rest. 
Each thermocouple was calibrated at the melting point of antimony (630 5°Q. The difference between 
the observed and tabulated voltages at this point was added as a correction term to all voltages 
measured with the thermocouple In no case did the temperature difference corresponding to this 
correction exceed 1°C In order to reduce thermal gradients within the sample, the sample tube was 
placed in a heavy-walled stainless steel cylinder. The reference thermocouple for differential 
measurements was inserted into a hole in the cylinder wall. The sample and cylinder were heated in a 
vertical resistance furnace to a maximum temperature at least 25°C above the estimated liquidus point. 
Although the temperature was raised slowly, several sample tubes exploded during heating, presumably 
because of the presence of free Hg. The Hg-nch portion of the system was not investigated because 
explosions would probably have occurred even more frequently in this region. 

After the sample had remained at the maximum temperature for 12 or more hours, it was cooled 
at a rate between 1 and 3 C/min until any thermal arrests above 600 C had been observed. If a 
heating curve or a repetition of the cooling curve was desired, the furnace was then reheated. Other¬ 
wise, the furnace was turned off With the power off, the cooling rate was satisfactory for determining 
cooling curves in the vicinity of the Se melting point. 

In order to measure the sample temperature with high precision, most of the thermocouple signal 
was bucked out with a d.c. microvolt potentiometer, and the remaining voltage was amplified with a 
Leeds and Northrup d c microvolt amplifier whose output was recorded with a recording potentiom¬ 
eter The sensitivities of the amplifier and recorder were generally chosen so that the full width of 
the recorder chart was equal to 100 /iV, which corresponds to 2-5'C for the chromel-alumel 
thermocouple and 8-10 ’C for the Pt-(Pt-13 % Rh) thermocouple. For differential measurements, the 
difference in voltage between the sample and reference thermocouples was amplified with a second 
d c amplifier whose output was also recorded with a recording potentiometer. 

RESULTS AND DISCUSSION 

The thermal arrests determined experimentally and the phase diagram deduced 
from them are shown in Fig. 1. While cooling and heating curves gave consistent 

* Operated with support from the U.S. Army, Navy and Air Force. 

111 W. B Pearson, A Handbook of Lattice Spacings and Structures of Metals and Alloys, Chap. 11, 

p. 688. Pergamon Press, New York (1958). 

181 M Hansen, Constitution of Binary Alloys, (2nd Ed ), p. 836. McGraw-Hill, New York (1958). 

1211 



1212 


A. J. Strauss and L. B. Farrell 


results, the temperature values adopted were generally obtained from the cooling 
curves, which could be analysed more precisely. The compositions indicated are the 
nominal values calculated from the weights of Hg and Se used to prepare the samples. 
Since the vapour within the dead space of the sample tube was relatively richer in Hg 
than the liquid phase, in each case the percentage of Se in the liquid was greater than 

WEIGHT PER CENT Se 


JO 40 SO 60 70 80 90 



Fio. 1.—Hg-Se system between 50 and 100 atomic % Se 


Table 1 —Thermal arrests observed in the Hg-Se system 


Atomic % Se 

Liquidus 

CC) 

Monotectic 

CC) 

Eutectic* 

CC) 

50 

799, 799 



55 

765 

687 


60 

718, 720 

684 


66 7 

694 

687 

220 

70 

688 

687 


71 

---t 

685 

220 

75 

+ 

' * * + 

685 


80 

+ 

+ 

687 

220 

85 

-+ 

687 


88 

679 



90 

673 



92 

647 



100 

220 




* Attempts made to observe eutectic arrest only in cases indicated, 
t Liquidus and monotectic arrests could not be distinguished 
t Arrest due to separation into two liquid phases not detected. 


the nominal value. The difference between actual and nominal compositions was 
quite small, however; for example, it is estimated that the percentage of Se was no 
greater than 50-5 atomic per cent in nominal 50 per cent samples. 

Hie phase diagram for the Se-rich portion of the Hg-Se system is found to he 
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similar to the corresponding portion of the Pb-Se system.® The principal features 
are a congruently melting equiatomic compound, a region of two immiscible liquid 
phases, and a eutectic between the compound and Se which occurs at a composition 
close to pure Se. The melting point of HgSe is 799°C, as determined from cooling 
curves for two different samples. Monotectic arrests at (686 ± 2)°C were observed 
for all nominal compositions between 55 and 85 atomic per cent Se. These arrests 
cannot be associated with an eutectic between HgSe and a Second compound of kg with 
Se, since eutectic arrests at 220°C—the melting point of Se—were observed in heating 
curves for all three compositions whose low temperature behaviour was investigated. 
Furthermore, no evidence for a second compound was obtained in X-ray diffraction 
measurements. At the monotectic temperature, the region of two immiscible liquid 
phases extends from approximately 71-85 atomic per cent Se. The boundaries of the 
two-phase region are indicated schematically in Fig. 1, since the thermal arrests resulting 
from separation of a single liquid into two separate phases could not be detected. The 
ltquidus between 92 and 100 atomic per cent Se is also indicated schematically. 

Although eutectic arrests were observed at 220°C in heating curves for Hg-Se 
samples, corresponding arrests were not obtained in cooling curves for these samples. 
It was found that pure Se exhibits similar behaviour, which can be explained on the 
basis of observations 14,51 that amorphous Se readily transforms into the crystalline 
hexagonal form at temperatures above about 100°C. A freezing plateau is not obtained 
when liquid Se is cooled slowly, because the solid formed under these conditions is 
amorphous. On slow heating this material changes into the hexagonal form below 
the melting point of the latter, and the melting plateau characteristic of crystalline 
solids is therefore observed. Apparently the Hg-Se eutectic behaves in the same 
manner. 

No attempt has been made in the present investigation to determine the solubility 
of Hg m Se or of Hg and Se in HgSe. A study of the electrical properties of HgSe 
indicates that this compound is always slightly Hg-rich. (8) The concentration of excess 
Hg is about 10 17 atoms/cm 3 for samples equilibrated with Se-rich liquid and about 
10 18 atoms/cm 3 for samples equilibrated with Hg-rich liquid. 

Acknowledgement —The authors are grateful to T C. Harman and Professor D R. Mason for 
valuable discussions. 

131 M Hansen, Constitution of Binary Alloys, (2nd Ed ), pp 1104-1106, McGraw-Hill, New York, 
(1958). 

111 T Sato and H Kaneko, Tech Reports Tohoku Umv 14,45 (1950) 

P H Keck, J Opt Soc. Amer. 42, 221 (1952). 

T C Harman and A J Strauss (to be published). 
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SPECTROPHOTOMETRIC STUDIES OF ION-PAIR 
FORMATION 

T. Williams. ,, 

The Chemistry Department, Welsh College of Advanced Technology, Cardiff. < 

( Received 19 February 1962; in revised form 11 April 1962) 

Abstract—Thermodynamic dissociation constants for CoCNS + and NiCNS + have been determined 
from ultra-violet absorption measurements at 25°C. The results, together with some other literature 
values, have been used to calculate the distances of closest approach of the ions concerned. 

According to Irving and Williams (1> the stability data of all the complexes of the 
bivalent metals of the first transition series, with the exception of the cyanides and 
sulphates, follow the order Mn < Fe < Co < Ni < Cu > Zn. This order 
is generally independent of the nature of the co-ordinating ligand or the number of 
ligands involved. The thiocyanate complexes of Co(II), ,2,3> Ni(II), ,4) Cu(H) (8) and 
Za(II), <8,7) have already been investigated but the results cannot be compared since 
each system was investigated under different experimental conditions. The thermo¬ 
dynamic dissociation constant of CuCNS+ has been determined by Tanaka and 
Takamura* 8 ' using spectrophotometry, and in the present work, the shifts to longer 
wavelengths of the CNS spectrum by Co 2+ and Ni 2+ ions have been used to obtain the 
thermodynamic dissociation constants of CoCNS + and NiCNS + . 

Unfortunately manganese and zinc ions have very little effect on the thiocyanate 
absorption band and therefore, similar investigations involving these ions were not 
possible. 

EXPERIMENTAL 

OpUcal measurements were made using a Hilger Uvispek and one centimetre quartz cells kept at 
25 C by means of a constant temperature cell holder. 

Cobalt perchlorate and nickel perchlorate were prepared from the corresponding A.R. chloride 
and perchloric acid, while recrystalhzed technical grade sodium perchlorate was used to keep the ionic 
strength constant The concentrations of the cobalt and nickel stock solutions were determined by 
precipitation of cobalt as tetra-pyndine cobalt dithiocyanate and nickel as nickel dimethylglyoxime. 
Sodium perchlorate solutions were standardized by converting the sodium salt to the corresponding 
acid (by means of an ion-exchange resin) and titrating with a standard sodium hydroxide solution. 

The absorptions of the ion-pairs were found to be unaffected by changes in pH roughly below 4-5 
and consequently all measurements were made at pH lower than this 

RESULTS 

The method adopted to obtain the dissociation constants is very similar to that 
reported elsewhere.* 8 * The optical density, D, in a cell of unit length, for a system 
such as 

m;+ + Ljf ^ ML*v m)+ (i) 

111 H. Irving and R J. P. Williams, J. Chem Soc. 3192 (1953). 

121 M. Lbhne, Bull. Soc. Chim. France. 76 (1951). 

1,1 P. Senise and M. Perrier, J. Amer. Chem. Soc. 80, 4195 (1958). 

141 S. Fronaeus, Acta Chem. Scand. 7, 21 (1953). 

151 N. Tanaka and T. Takamura, J. Inorg. Nucl Chem 9, 15 (1959) 

181 R. E. Frank and D. N. Hume, J. Amer. Chem. Soc. 75, 1736 (1953). 

E. Ferrell, 3. M Rjdgion and H. L. Riley,/. Chem. Soc. 1121 (1936). 

161 W. D. Bale, E. W. Davies and C. B Monk, Trans. Faraday Soc. 52, 816 (1956). 
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involving an ion-pair and its two constituent ions, is given by 

D = ex + f x (a — x) + e a (Z> — x) (2) 

where a is the total molarity of M” q ; ,b the total molarity of L“ q ~ x the concentration of 
the ion-pair formed and t, and e 2 the molar absorption coefficients of ML ( a " 7 m)+ , 
and respectively. If the experimental conditions are such that the only absorbing 
constituent present is the ion-pair, then equation ( 2 ) reduces to 

D = ex (3) 

Combining Equation (3) with the expression for the dissociation constant K, which is 
given by 

K = (a - x)(b - xl/jy/a* (4) 

where / v , / 2 and / 3 represent ion activity coefficients, the following relationship is 
obtained: 

K/e = b(a - x)/i/ 2 // 3 £> - {a - (5) 

Assuming that x is small compared with a and that fifjfs is constant when the ionic 
strength is constant, then a plot of ab/D against a is a straight line the slope of which 
gives a first value of 1/e. This value of the molar absorption coefficient is used to 
determine the first value of x, which is then used in Equation (5) to determine a second 
value of 1/e, by a series of approximations the true value of 1 /e is obtained. 

In this determination it is assumed that 1/e is independent of salt concentration, 
but this is not necessarily so. <0) Thus in the present work 1/e was determined at a rela¬ 
tively low but constant ionic strength in order to eliminate, as far as possible, large 
differences in the salt concentrations between the different solutions measured. 

A second set of determinations, where M"~ and L 7 “7 are mixed together to give 
solutions of varying ionic strengths, will yield a range of K values provided 1/e and 
/ 1./2 an d/ 3 are known. 1/e was obtained as explained above, while the activity coeffi¬ 
cients were calculated from the Davies equation ,10) 

-log/j = O-fctf/tyO + / ! ) - 0-2/] (6) 

which has been shown to be satisfactory for 1.1 and 2 1 electrolytes in water at 25'C 
up to /= 0T. 

Cobalt thiocyanate 

Lehne has stated * 21 that the difference between the molar extinction coefficients of 
the CoCNS + ion-pair and the Co 2+ ion m the visible range of the spectrum is too small 
to give reliable results. In this investigation of the Co 21 —CNS - system, use was made 
of the shift of the CNS - ion band, found in the near ultra-violet, to longer wavelengths 
Co 2+ 10 ns do not absorb in this region, and further, it is possible to choose conditions 
such that the only absorbing ion is CoCNS + . 

The formation of CoCNS + has been demonstrated (3) by the method of continuous 
variations ; m) this was confirmed and some indications were obtained of the formation 

'•> W. D. Bale, E. W Davies, D. B. Morgans and C B Monk, Trans. Faraday Soc. 53, 94 (1957) 
“•» C. W. Davies, J. Chem. Soc. 2093 (1938). 

<u > P. Job, Ann. Chim 9,113 (1928). 
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of higher complexes. In view of this, the ratio of Co s+ to CNS~ concentration was 
kept to more than 1:1. 

The addition of varying concentrations of sodium perchlorate showed no effect 
on the visible spectrum of cobalt perchlorate. This was taken as proof that no com* 
plexing took place between cobalt ions and perchlorate ions and thus justified the use 
of sodium perchlorate for keeping the ionic strength constant. 

Table 1 gives the data for the determination of the molar extinction coefficient of 


Table 1 —Molar extinction coefficient of CoCNS+ 
10 •b = 4-795 ,1 = 0 1614 ± 0 0007, 272 m/z, 1 cm. cells. 


10 »a 

10 ! c 

D 

10 3 x 

10*A<> - x)/D 

5-340 

000 

0 679 

2-171 

3-618 

4 806 

1-60 

0 649 

2-074 

3400 

4 272 

3 20 

0-600 

1-918 

3 260 

3 738 

4 80 

0-548 

1 755 

3 116 

3 204 

640 

0-496 

1 585 

2-944 

2 670 

800 

0 445 

1 422 

2 724 


CoCNS f , where a = CofClOJj, b = KCNS, c = NaCIO* and x = CoCNS + molar¬ 
ities. D is the observed absorption (with solvent as reference) of CoCNS+. The slope 
of the plot of b(a — x)jD against {a — x) was determined by the method of least 
mean squares and this gave a value of l/e = 0-00330. 

Table 2 contains the results for the determination of the thermodynamic dissoci¬ 
ation constant of CoCNS 4 . The average of the K values given in the table is 0-0191 
± 0 - 0001 . 

Table 2.-~Data for A'(CoCNS + ) 

272 m n , 1 cm cells. 


10*a 

10*6 

10V 

D 

lO’.e 

ffJf* 

10*Jt 

2 670 

9 590 

8 356 

0 929 

3 066 

0 3844 

1 93 

2 670 

4 795 

8 167 

0 490 

1 617 

0 3874 

1-91 

2-136 

9 590 

6 822 

0 825 

2 727 

0 4102 

1 92 

1 940 

2 062 

6 000 

0 191 

0 630 

0 4272 

1 82 

1-602 

9 590 

5 590 

0 693 

2 287 

0 4363 

1 91 

1 522 

10 31 

4 360 

0 760 

2 508 

0 4700 

1-90 

1-068 

9 590 

3 814 

0 529 

1 746 

0 4877 

1 96 

1 068 

4 795 

3 502 

0 291 

0 960 

0 4996 

1 94 


Nickel thiocyanate 

It was observed that Ni 2+ has a similar effect to Co 2+ on the CNS~ spectrum, and 
hence the same method and techniques were adopted to investigate the Ni*+—CNS~ 


Table 3 — Molar extinction coefficient of KiCNS + 
10'6 = 9 590, / = 0 4165 ± 0 0015, 273 m/z, 1 cm cells. 


10 s a c D 10'x 10 l b(a - x)/D 


4 


0-2780 

0 572 

3 884 

6-906 

4 


0 2915 

0 539 

3 660 

6 565 

3 


0 3050 

0-495 

3 361 

6-333 

3 

153 

0 3188 

0 450 

3 056 

6 067 

2 

mu 

0 3320 

0 403 

2-736 

5 783 

2 

253 

0-3456 

0 355 

2-411 

5 435 
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system. Table 3 shows the data obtained, where this time a — Ni/ClO^g a n d x = 
NiCNS + molarities. 1/e for the nickel thiocyanate ion-pair was determined from the 
slope of the plot b(a — x)jD against (a — x) and was found to be 0-00679. 

Table 4 contains the data for the determination of the thermodynamic dissociation 
constant of NiCNS + . The average of the K values is 0-0173 ± 0-0002. 


Table 4. —Data for Jf(NiCNS + ) 
273 m ft, 1 cm cells. 


10*0 

10 *b 

10*7 

D 

10*i 

Wh 


2-253 

19 18 

7-601 

0 792 

5 378 

0-3966 

1-75 

2 253 

9 59 

7110 

0-440 

2-988 

0 4030 

1-74 

1-803 

9 59 

5-844 

0 386 

2-621 

0 4305 

1-77 

1 352 

9-59 

4-568 

0-331 

2-248 

0 4636 

1-70 

0 901 

9-59 

3 320 

0 253 

1-718 

0-5070 

1-70 


The method of calculation of the present paper has been used to recalculate the 
data of Tanaka and Takamura <5> in the hope of obtaining more precise values of K 
and 1/e for CuCNS + (Tables 5 and 6). The average K for CuCNS + at 25°C is thus 
0-00470 ± 0-00007 


Table 5. —Data for A^CuCNS 1- ) at / — 0 05 
10V> = 1 000, 343 m/u, lO'/e - 2 05 


10’a 

lO'D 

10 s x 

10 i b(a - x)!D 

10 2 A 

0 800 

2 07 

4 24 

3-844 

4 88 

1 000 

2 36 

4-84 

4 216 

4 78 

1 200 

2 55 

5 23 

4 686 

4 92 

1 400 

2 73 

560 

5 106 

4 95 

1 600 

2 92 

5 99 

5 459 

4 81 


Table 6.—Data for JH(CuCNS + ) at 7 = 0 10 
10‘A = 1 000, 343 m/u, 10Ve = 211 


10 z a 

10 ! Z> 

10’* 

10 5 6(a - x)/D 

10W 

0 800 

1 84 

3 88 

4 327 

4 55 

1 000 

2-14 

4 52 

4 649 

4 38 

1-400 

2 45 

5 17 

5 694 

4 73 

1 800 

2 82 

5 95 

6 362 

4-43 

2000 

2 92 

6 16 

6 829 

4 51 


DISCUSSIONS 

The K values for CoCNS+, NiCNS+, CuCNS+ and ZnCNS+ are 0 0191, 0 0173, 
0 00470 and G-OM* 12 * respectively, the latter being only an approximate value but 
considered sufficiently accurate to include for comparison purposes. Inspection of the 
series shows that they follow the Irving and Williams pattern. This suggests that the 
irregularity observed with the cyanide and sulphate complexes is not entirely due to 
the acidity effect, (13) since, as mentioned elsewhere, (14) the CNS~ ion has a comparably 
strong acidity. 

'**' B. B. Owen and R. W. Gurry, J Amer. Chem Soc. 60, 3074 (1936). 

,1 ” A. E. Martell, J. Phys. Chem. 59, 308 (1955). 

1141 G. S. Laurence, Trans Faraday Soc. 52, 236 (1956). 
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Working from the dissociation constants obtained and Bjerrum equation, tu > the 
distances of closest approach have been calculated, Table 5. These values are extremely 
small suggesting that the cations do not retain their primary solvation sheath in the 
associated form. The bond between the interacting ions is probably covalent in 
character and such ions as CoCNS + , NiCNS + , CuCNS+ are simply first stages in the 
formation of higher thiocyanate complexes. 

CoS0 4 , NiS0 4 , CuS0 4 and ZnS0 4 have the following K values 0-0034, 0-0040, (14) 
0-0047, <7) and 0-0049, (16) so the order of stability is CoS0 4 > N1SO4 > CuS0 4 > 
ZnS0 4 . The distances of closest approach calculated for the first three species are very 
much larger than those of the corresponding thiocyanates. These 'a' values suggest 
ionic association between the ions with the cations retaining their primary solvation 
sheath in the associated form. 

On the above evidence, it must be concluded that the interaction between the metal 
ions concerned and the CNS - ion is different to that found with the S0 4 ®~ ion. 
Whether this affords an explanation of the irregularity observed with the sulphates, 
it is difficult to say. 


Table 7 —Bjerrium distances of closest approach 


Anion 

Co a+ 

Ni J+ 

Cu 2+ 

CNS - 

1-69 

1 64 

1 25 

SO* 1 

38 

4 1 

44 


The rates of formation of MCNS H17 > and MS0 4 ,18) where M represents Co 2! and 
Ni 2l_ ions, have been recently determined, and it is interesting to observe that the 
reaction rates follow, m both cases, the order Co > Ni. These results suggest that the 
velocity at which an ion-pair is formed is independent of its stability. 

It seems worth noting that Senise and Perrier, during their work on CoCNS+, 
obtained a value of 0-00273 for 1/e at / = 1-0. This is considerably lower than the 
present value of 0 00330 obtained at an ionic strength of 0-161. On this evidence, the 
constant / method must be used with caution and every effort should be made to 
determine this constant at low ionic strengths, in order to eliminate as far as possible, 
the errors due to salt effects. 

Acknowledgements —The author wishes to thank Dr. C. B. Monk for some stimulating discussions. 

nr ‘ ) N Bjerrum ,Kgl Dartske Vtdensk Setskab. 7, No 9(1926). 

11 R W. Money and C W Davies, Trans Faraday Soc. 28, 609 (1932) 

A G Davies and W MacF. Smith, Proc. Chem. Soc 380 (1961). 
u ” M Eigen, Z Electrochem 64,115 (1960). 




. tfuQL C&cm.. 1962, Voi. 24, pp, 1221 t6 1224. Ptrgwnoo Prew Ltd. Printed In Northern Ireland 


J Inorg 


THE REACTIONS OF METAL COMPLEXES WITH 
ALKYL HALIDES—II 

THE REACTIONS OF HALO(TRIPHENYLPHOSPHINE)- " , 
CADMIUM(II) COMPLEXES' 1 * 

G. B. Deacon 

Department of Physical and Inorganic Chemistry 
University of Adelaide 

( Received 13 March 1962, in revised form 20 April 1962) 

Abstract—Dibromo- and di-iodobis(triphenylphosphme)cadmium(II) complexes are converted by 
ethyl bromide to bis(triphenylethylphosphomum) tetrabromocadmate(II) Reaction of each with 
methyl iodide gives bis(triphenylmethylphosphomum) tetraiodocadmate(II) 

The conversion of the complexes (Ph 3 P)„HgX 2 (where n is 1 and 2, and X, is Cl, Br 
and 1) to Group V quaternary iodomercurate(II) complexes by alkyl iodides was 
described in Part I. It was also found that the complexes (Ph 3 P)„HgX 2 (where n is 1 
and 2, and X is Br and I) would not react with ethyl bromide.' 1 * Reaction does occur 
however between the complexes (Ph 3 P) 2 CdX 2 (where X is Br and 1) and ethyl bromide. 
These reactions and those of the same complexes with methyl iodide are now reported. 
Earlier workers were unable to achieve reaction between di-iodobis-(aryldialkylphos- 
phine)cadmium(II) complexes and methyl iodide.'*’ 

EXPERIMENTAL 

Preparation of dihalobis(triphenylphosphine)cadmium(Il) complexes 

The complexes were precipitated on mixing ethanol solutions containing the stoicheiometric 
amounts of the cadmium halide and triphenylphosphine 

1 Dibromobis(trlphenylphosphine)cadmium(Il) This compound was recrystallized from ethanol, 
gave white needles, m.p 225-226° (lit 1,1 225-226°), (Found ■ C, 54 3, H, 4 1 Calc for C„H,„P,CdBr,: 
C, 54 2, H, 3 8%) The same complex was precipitated, m p 224-225°, mixed m p 225-226° (after 
recrystallization from ethanol), (Found. C, 54 7, H, 3 9%), m an attempt to prepare the complex 
(Ph a P CdBr a ) by mixing ethanol solutions of the stoicheiometric amounts of triphenylphosphine and 
CdBr, 4H a O 

2 Di-iodobisltriphenylphosphme)cadmium(Il). This compound was fine white needles, m.p 
241 5-242° (lit '”243°, with preliminary softening) (Found: C,48 45, H,3 6 Calc for C, ( H ao P,CdI 2 : 
C',48 5, H, 3 4%) 

Preparation of bisUriphenylalkylphosphomum) tetrahalocadmate(JI ) complexes 

1 Bis(triphenylethylphosphonium ) tetrabromocadmate(ll). The compound was precipitated on 
mixing ethanol solutions of stoicheiometric amounts of triphenylethylphosphomum bromide and 
CdBr a 4H a O, and, recrystallized from ethanol, had m p 108 5-109° (Found C, 46 8; H, 4-3 Calc 
for C 10 H to P a CdBr,: C, 47 3, H, 3 9%) 

2 Bis{triphenylmethylphosphonium) tetraiodocadmate{lI) This compound was similarly prepared, 
and recrystallized from acetone, had m p 173’5-174° (Found: C, 39-9; H, 3 55; Cd, 9 6. Calc, for 
CaHHs.PjCdl,: C, 38 8; H, 3-1; Cd, 9-6%) Further recrystallization failed to improve the purity 
of the compound (as indicated by the C, H analytical data) The compound is only sparingly soluble 
in boiling acetone and is less soluble in other suitable solvents, and is thus difficult to purify by 
recrystallization 

111 Part I, G B Deacon and B O West, J. Inorg Nucl Chem 24, 169 (1962). 

,!l R. C. Cass, G E Coates and R G Hayter, J Chem. Soc 4007 (1955) 

131 R. C. Evans, F. G Mann, H S Peiser and D. Purdie,/ Chem Soc 1209 (1940) 
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Reactions of dihalobis{triphenylphosphine)cadmium{II ) complexes with alkyl halides 

Reactions with ethyl bromide. (1) (Ph 2 P) 2 CdBr 2 (091 g , 1 14 mmole) was refluxed with ethyl 
bromide (20 ml) in acetone (20 ml) After 5 hr heating, all the complex had dissolved and after 10 hr 
precipitation of product began. This was Altered off after 12 5 hr, and consisted of bis(triphenylethyl- 
phosphonium) tetrabromocadmate(II) (0 52 g, 0-51 mmole, 43 per cent), which, recrystallized from 
ethanol, had m p 108-5-109 5, mixed m p, 109-109-5° (Found: C, 47-3; H, 4-4%) The filtrate was 
evaporated and gave 0-56 g of white solid This gave m.p 130-155° (Found: C, 50-15; H, 4 1%) 
after two recrystallizations from ethanol, and is probably a mixture of the reactant and the product, 
the solubility properties of which are similar. 

(2) (Ph,P)jCdIj (0 93 g, 1 05 mmole) similarly reacted with ethyl bromide m acetone Solution 
of the reactant complex was complete in 6 hr, and precipitation of the product commenced after 10 hr 
This was filtered off after 14 hr, and consisted of bis(triphenylethylphosphonium) tetrabromocad- 
mate(ll) (0 57 g, 0 57 mmole, 54 per cent), which, recrystalhzed from ethanol, had m.p, 107 5-108", 
mixed m.p. 108" (Found- C, 47-0, H, 4-4%) The filtrate was evaporated and gave 0 39 g of white 
solid, which, on recrystallization from ethanol, yielded bis(triphenylethylphosphomum) tetrabromo- 
cadmate(II), m.p. 105-106-5°, mixed mp 107-107-5° (Found. C, 46 9; H, 4-2%) The mother 
liquor was evaporated and gave a cream glue, which was iodine free 


Reactions with methyl iodide 

The complexes (Ph a P) 2 CdX 2 (where X is Br and 1) were refluxed with methyl iodide, either alone 
or in the presence of added solvent (acetone or ethanol) After the reactions the volatiles were 
removed and a pale brown residue was obtained in each case The product was recrystalhzed to 
constant melting point from acetone/ethanol, and consisted primarily of bis(triphenylmethylphos- 
phonium) tetraiodocadmate(ll) In each instance the product contained a small amount of an ether 
soluble fraction, which was shown to contain free iodine Some details of two typical experiments 
are given 

(1) (Ph,P)jCdI a (0 54 g) was refluxed with methyl iodide (20 ml) in acetone (20 ml) for I hr and 
0-76 g of product was obtained, which, on recrystallization, gave m p and mixed m p 173-174', 
(Found: C, 40 1; H, 3 6%) The theoretical weight of product for the formation of [Ph a PMel a CdI, 
alone is 0 72 g 

(2) (Ph 3 P) 2 CdBr 2 (0 52 g ) similarly reacted with methyl iodide and 0 80 g of product was obtained, 
which, on recrystallization, gave melting point 170 5-171 5°, mixed mp 171 5-172 5°, (Found 
C, 40-2; H, 3 7%) Theoretical weight for formation of [Ph a PMe] s CdI 4 alone, 0 77 g. 

Although it was not possible to purify the product adequately by recrystallization, the formation 
of [PhjPMeJjCdli was established by infra-red spectroscopy [Ph 3 PMe] 2 CdIi has the following 
bands in the region 2000-667cm" 1 1709(h’), 1623(h), 1587(h), 1486(h); 1441(w), 1339(h). 
1316(h), 1226fw), 1189(tv), U59(»v), 111 Km); 995(h); 905(m), 851(h), 784(h), 750 (vs), 718(i), 
689(s). In addition, the formation of the tnphenylmethylphosphomum cation was confirmed by 
reaction of the product in acetone with mercuric iodide (2 moles/mole of product assumed to be 
[Ph 3 PMe] 2 CdI,), when tnphenylmethylphosphomum tri-iodomercurate(Il) could be crystallized in 
greater than 80 per cent yield after the addition of ethanol to lower the solubility. For example, this 
method was used to characterize the product from reaction (1) (above) The tri-iodomcrcurate was 
recrystalhzed from acetone/ethanol, and gave m p 146-146 5° (lit 1,1 146-146-5°), mixed mp 146 5- 
147°, (Found. C, 26 3; H, 2 1 Calc for Q.H^PHgl, C, 26 55; H, 2-1 %) 

As the weight of crude product in the reactions with methyl iodide was generally greater than that 
required for the formation of the tetraiodocadmate alone (e g reactions (1) and (2) above), the 
following experiments were performed in an attempt to elucidate which reaction competes with the 
mam reaction 

(1) Bis(tnphenylmethylphosphonium) tetraiodocadmate(Il) (0 30 g) was refluxed with methyl 
iodide (10 ml) m acetone (20 mi) for 5 hr No increase in weight was observed, and the compound 
was recovered unchanged 

(2) Tnphenylphosphine was recovered unchanged after refluxing with acetone for 15 hr The 
ultra-violet spectrum of the phosphine in methanol after heating was essentially the same as that of 
the reactant. (The spectrum of tnphenylphosphine in methanol is very similar to that in ethanol 
In methanol there is a maximum at 260 m,«, e n „ being 1-1 x 10 4 ,) 

(3) When a suspension of (Ph a P),CdI 2 in acetone was treated with a solution of iodine in the 
same solvent, the colour of the iodine was discharged and the suspended complex dissolved. Further 
work is intended with this reaction 

G B. Deacon and B. O. West, J. Chem. Soc 5127 (1961). 

F G Mann, J T. Millar and B B Smith, / Chem Soc. 1130 (1953) 
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MiCToanfllysce were by the C.S.I.R.O. Mkroanalytical Laboratories, Melbourne. The infra-red 
spectra were measured with a Grubb-Parsons DB 1 Spectrophotometer, fitted with sodium chloride 
optics, and the ultra-violet spectra were measured with a Unicam SP 500 Spectrophotometer. 

RESULTS AND DISCUSSION 

Dibromo- and di-iodobis(triphenylphosphine)cadmium(n) complexes react with 
ethyl bromide with the formation of bis(triphenylethyl^hosphonium) tetrahromo- 
cadmate(II). 

(Ph 3 P) 2 CdBr 2 + 2EtBr — [Ph 3 PEt] 2 [CdBr 4 ] 

(Ph 3 P) 2 CdI a + 4EtBr [Ph 3 PEt] a [CdBr 4 ] + 2EtI 

It is considered that the reactions proceed via dissociation of the complexes to free 
tnphenylphosphine, which reacts with ethyl bromide. An alternative mechanism 
involving preliminary weak co-ordination of ethyl bromide to cadmium (similar to 
one discussed for the reactions of analogous mercury complexes with alkyl iodides 11 ') 
seems less likely. This mechanism postulates the intermediate 

Et 

\ 

Br 

Ph 3 P i Br 

\ i / 

M 

/ \ 

Ph 3 P Br 

in the reactions of the complexes (Ph 3 P) 2 MBr 2 (where M is Cd, Hg) with ethyl bromide. 
The formation of this intermediate is more favoured thermodynamically when M=Hg, 
as mercury complexes have larger stability constants than the corresponding cadmium 
complexes/ 61 (In particular the tribromomercurate ion is more stable than the 
tribromocadmate ion/ 1 - 8 '). As (Pb 3 P) 2 HgBr 2 does not react with ethyl bromide/ 1 ' it is 
unlikely that the reaction of (Ph 3 P) 2 CdBr 2 with ethyl bromide proceeds by this mecha¬ 
nism, hence the dissociation mechanism probably operates. As cadmium complexes 
are less stable than those of mercury/ 6 ' it is expected that (Ph 3 P) 2 CdBr 2 would 
dissociate into free tnphenylphosphine more extensively than (Ph 3 P) 2 HgBr 2 . Similar 
arguments favour a dissociation mechanism for the reaction of (Ph 3 P) 2 CdI 2 with 
ethyl bromide. 

Di-iodo- and dibromobis(triphenylphosphme)cadmium(II) react with methyl 
iodide with the formation of bis(triphenylmethylphosphonium) tetraiodocadmate(II). 

(Ph 3 P) 2 CdI 2 + 2MeI — [Ph 3 PMe] 2 [CdI 4 ] 

(Ph 3 P) 2 CdBr 2 + 4MeI — [Ph 3 PMe] s [CdI 4 ] + 2MeBr 

The reactions are similar to those of the corresponding mercury complexes/ 1 ’ 

In the reactions with methyl iodide, the weight of the crude product consistently 
exceeded that required for the formation of the tetraiodocadmate alone. It has been 

161 F Basolo and R. G. Pearson, Mechanisms of Inorganic Reactions, p. 16., J. Wiley, New York 
(1958) 

"" L Eriksson, Acta Chem. Scand 7, 1146 (1953). 

181 L. G. Sill«n, Acta Chem. Scand 3, 539 (1949) 
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shown that this was not caused by subsequent reaction of the tetraiodocadmate with 
methyl iodide, and, in the reactions which were performed with added acetone, it was 
not caused by reaction between triphenylphosphine, produced by dissociation of the 
complexes, and acetone. Free iodine is certainly present in the crude product, but 
this may not account for all of the excess. A further possibility is that iodine, formed 
by decomposition of the methyl iodide, may compete in reacting with the halo(tri- 
phenylphosphine)cadmium(II) complexes. This would result in the formation of a 
triphenyliodophosphonium iodocadmate, which may react further. Preliminary 
experiments have shown that di-iodobis(triphenylphosphine)cadmium(II) does react 
with iodine. Iodomercurate complexes of Group VB quaternary cations, containing 
P-I bonds, are known. (9> 

Acknowledgement —The author is grateful to Dr. B O West for helpful discussions, to Dr. R. A 
Jones of the Department of Organic Chemistry, University of Adelaide, for measurement of the 
infra-red spectra, and to the Imperial Chemical Industries of Australia and New Zealand for the 
award of a Fellowship 

1,1 K. Issleib and W Seidel, Z Anorg Chem 288, 201 (1956) 
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SOME CO-ORDINATION POLYMERS PREPARED FROM 
BIS-ODIKETONES)* 

J. S. Oh and John. C. Bailar Jr. 

Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 

{Received 12 February 1962; lit revised form 18 ’April 1962) c 

Abstract—A series of metal ion-bis-(0-diketone) polymers containing beryllium, copper(II), nickel(II), 
7 inc(II) or cobalt(II) have been prepared by four different methods. Three types of structures are 
postulated on the basis of elementary analysis of the polymers. 

The thermal stability of the polymers was studied by a relatively simple method, utilizing a thermo- 
gravimetric balance. It was found that, in general, the order of thermal stabilities is Be(II) > Cu(II) > 
Ni(Il) > Zn(ll) > Co(II). The polymers derived from bis-(beiuoylacetones) and bis-(dibenzoyI- 
niethanes) are thermally more stable than those derived from the corresponding bis-(acetylacetones) 
Similarly, the polymers derived from bis-03-diketones) containing no connecting link between the 
diketone groups are thermally more stable than the polymers derived from the corresponding bis-(/f- 
diketones) which contain a connecting lmk The stabilities depend upon this connecting link in the 


following order. —(CH 2 ) a —N ~—CH,—i 


H a —>—CH 2 —>—CH— The beryllium 


polymers do not all conform to these generalizations. 

Recently much attention has been paid to inorganic elements as possible units for 
new polymers. One promising group of compounds consists of coordination polymers, 
in which metal ions are linked together by di- or poly-functional organic ligands. 
Co-ordination polymers occupy an intermediate position between organic and inor¬ 
ganic compounds, and it is hoped that their study will lead to the production of 
polymers which are both thermally stable and useful as fabricating materials. 

The preparative methods used for coordination polymers may be classified as 
follows' (1) the linking of polyfunctional ligands with metal ions, (2) the incorpor¬ 
ation of metal ions into existing organic polymer chains and (3) polymer formation by 
reactions of metal-containing monomeric chelates containing functional groups. This 
paper is concerned with polymers of bis-/S-diketones formed by the first method. 

DISCUSSION 

Synthesis of bis-(f-diketones) 

Bis-(/3-diketones) suitable for polymer formation are of two types: 

(0 RCOCH 2 CO-Y-COCH 2 COR', in which the two /?-diketones residues are 
linked through the terminal carbon atoms, and 

R R" 


(») 


0=C c=o 

\ / 

CH-Y-CH 


O = C 


c = o 


R' 


R" 


* The work described in this paper is taken from the doctoral thesis of J S. Oh, University of 
Illinois, 1961. It was supported chiefly by a grant from the Socony Mobil Oil Co., to whom our thanks 
are extended, and in part by Contract AF 33(616)-5486 with the Materials Laboratory of the Wright 
Air Development Division, Air Research and Development Command, U.S. Air Force. 
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in which the linkage is between the methylene carbon atoms. Thus, in choosing 
compounds of type (ii) for this study, two structural variables need be considered: 
(i) the nature of the connecting link Y, and (ii) the nature of the end groups R and R'. 

From the view-point of preparation, bis-(/?-diketones) of type (ii) may be divided 
into three classes: 

Type A: bis-(/S-diketones) linked between the two methylene carbon atoms but 
without a bridging atom or group. 

Type B: bis-(|5-diketones) joined by a chain of two or more carbon atoms. 

Type C: bis-(/3-diketones) possessing the structure of 1,1,3,3-tetra-acetyl-propane 

The compounds prepared in this study are listed in Tables 1, 2 and 3. 


Table 1 —Compounds of the type [(RCO)(R'CO)CH] 2 : type A 


R 

R' 

rap ‘C 

Yield (%) 

Ref 

CH, 

CH, 

191 

70 0 

1 

CH, 

c,h. 

176 

20 0 

2 

c„h 5 

C.Ha 

205 5* 

45 

3 


* Reported 151 m p : 153-154 5 


Table 2. —Compounds of the type (RCO)(R'CO)CH—Y—CH(R'CO)(RCO): type B 


R 

R' 

Y 

mp "C 

Yield (%) 

Ref 

CH, 

CH, 

—(CH 2 )u— 

b.p 83/3 mm Hg 

23 0 

5 

CH, 

CH, 

—CH,—CH,— 

111 

68 2 

6 

CH, 

CH, 

—s— 

104 — 105 

51 0 

7 


Table 3 —Compounds of the type 
H 

I 

(RCO)(R'CO)CH-C-CH(R'CO)(RCO) type C 


R' 


R 

R' 

R" 

m p CC) 

Yield (%) 

Ref. 

CH, 

CH, 

H 

84 

57-5 

8 

CH, 

C 8 H, 

H 

72-73 

240 

9 

C,H, 

c,h 6 

H 

177 

67’5 

10 

CH, 

CH, 

C, H, 

186 

360 

11 

CH, 

C„H, 

C„H, 

223 

50 0 

12 


u > S P. Muluken, Amer Chem J , 15, 530 (1890) 

U1 E. Fischer, and C Bulow , Ber Dtsch Chem Ces 18, 2133 (1885) 

<*• R. D. Abell, J. Chem. Soc , 101, 989 (1912). 

141 W. C. Fernelius et a! , WADC Technical Report, 56-203, Part III, p 29 February (1958) 
“> G. T Morgan, and C J A Taylor, / Chem. Soc 43 (1926). 

(,) D. F. Martin, W C. Fernilius and M Shamma, J . Amer. Chem Soc 81, 130 (1959) 

1,1 A. Angeu, and Magnani, Gazz Chim. Ital , 24, 1, 342 (1894) 

IW E. KnOvenagel, Ber Dtsch Chem Ges 36,2136(1903). 

K. Bodendort and G Koralewski, Arch. Pharm 271, 101 (1933). 
o** S. V. Lieberman and E C. Wagner, J Org Chem. 14, 1001 (1949). 

'“'R.Schift, Ann. 309, 206 (1899). 

a *> E. KnOvenaoel and A. Erler, Ber. Dtsch. Chem. Ges 36, 2131 (1903). 
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1,1,3,3-Tetra-acetylpropane has been synthesized by condensing acetylacetone 
with paraformaldehyde in the presence of diethylamine as a catalyst. It was found 
that when piperidine was used as a catalyst, crystals did not separate from the reaction 
mixture even after several months. Similar results were observed in the preparation 
of 1,3-diacetyl-1,3-dibenzoyl propane and 1,1,3,3-tetrabenzoylpropane. The conden¬ 
sation of paraformaldehyde with /3-diketones can be effected in greater than 50 percent 
yield. However, in the reaction of benzoylacetone with paraformaldehyde, the yields 
have been poor. 


Metal ion-bis-(f-diketone) polymers 

Four methods were used to prepare coordination polymers of divalent metal ions 
with bis-(/?-diketones). 

1. Reaction in aqueous solution (method A). This consists of mixing the ketones 
and a soluble metal salt in the proper proportions in a water-organic solvent mixture, 
and adjusting the pH until the chelate precipitates. It is necessary to add an organic 
solvent such as alcohol, dioxane or dimethylformamide because of the insolubility of 
the ligand in water. The success of this method depends upon pH, rate of addition of 
the base, rate of stirring, temperature and reaction time. 

In some cases polymers were obtained simply by the addition of an excess of an 
aqueous solution of metal acetate to a dioxane solution of the bis-(/?-diketone). The 
highly insoluble precipitate was purified by extraction with water followed by an 
organic solvent such as alcohol, acetone or benzene. 

In the cases in which immediate precipitation did not occur, the pH was adjusted 
by addition of ammonia or urea. When no precipitation occurred m the reaction 
mixture even after standing for a long time, the reaction mixture was evaporated 
slowly in vacuo and the residue was collected The residue was purified by extraction 
with water followed by organic solvent. 

2 Melt polymerization (method B). This is analogous to many organic polymeri¬ 
zations. A mixture of metal acetylacetonate and bis-(/?-diketone) was heated under 
a nitrogen atmosphere, and then in vacuo. Volatile by-products were collected in a 
trap In order to prevent the condensation of volatile by-products in the reaction 
vessel, the upper section was heated by means of a resistance wire operated through a 
Vanac. A distinct disadvantage is the formation of metallic oxide due to the decom¬ 
position of the metal acetylacetonate. The decomposition can be minimized by 
controlling the reaction time and temperature. 

3 Reaction in non-aqueous solvents (method C.) A modification of method B was 
found to be suitable in some instances. A solution of bis-(/?-diketone) in a solvent 
such as decalin or xylene was refluxed with metal acetylacetonate. When equivalent 
amounts of the metal acetylacetonate and bis-(/?-diketone) were refluxed m a non- 
aqueous solvent, acetylacetonate was produced and distilled in vacuo. The polymers 
precipitated from the solution or were recovered by evaporation of the solution. 

4. Interfacial polymerization (Method D). This method utilizes mterfacial systems 
which consist of an aqueous phase containing the metal salt and an immiscible organic 
phase containing the biS-(/J-diketone). Only one polymer was prepared by this method. 

The physical properties and proposed types of structure of the metal ion-bis-(/?- 
diketone) polymers prepared are summarized in Tables 4A-13A. 
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Table 4A —Metal ion-1,1 ,2,2-tetraaceto.ethane 


Metal ion 

Method of 
preparation 

m.p. °C 

Description 

Solubility m common 
organic solvents 

Type of 
proposed 
structure 

Be(II) 

C 

>250 

White powder 

Insoluble 

I 

Cufll) 

c 

>250 

Green powder 

Insoluble 

II 

Ni(II) 

B 

>250 

Gray brownish powder 

Insoluble 

I 

Zn(II) 

A 

decompose 
at 240 

White powder 

Insoluble 

II 

Co(II) 

C 

250 

Purple powder 

Insoluble 

III 


Table 5A — Metal ioN-l,2-DiACETyL-l,2 dibenzoylethane 


Metal ion 

Method of 
preparation 

m p (°C) 

Description 

Solubility in common 
organic solvents 

Type of 
proposed 
structure 

Be(II) 

B 

Soften at 150 

Light rose resinous 

Insoluble 

III 

Cu(II) 

A 

>250 

Greenish brown 

Insoluble 

III 

Ni(U) 

B 

% 210 

Brown powder 

Insoluble 

Ill 

Zn(II) 

B 

>250 

Brown powder 

Soluble 

III 


Table 6A .—Metal ion-l,l,4,4-tetraacetylbutane 







Type of 


Method of 



Solubility in common 

proposed 

Metal ion 

preparation 

mp ("Q 

Description 

organic solvents 

structure 

Be<II) 

C 

.'•300 

White powder 

Insoluble 

111 

Cu(II) 

A 

>250 

Green powder 

Insoluble 

1 

Ni(ll) 

C 

.-•250 

Brown powder 

Soluble 

111 


Table 7 A 

—Metal ion-1 ,4-bis-(2,2-diacetylethyl)-btnzene 







Type of 


Method of 



Solubility in common 

proposed 

Metal ion 

preparation 

mp °C 

Description 

organic solvents 

structure 

Be(ll) 

c 

250 

White powder 

Insoluble 

1 

Cu(II) 

A 

>250 

Gray powder 

Insoluble 

11 

Ni(II) 

D 

>250 

Light green powder 

Insoluble 

III 

Co(II) 

C 

^250 

Purple powder 

Insoluble 

III 

Table 8A —Metal ion-bis-(diacetylmethyl)-sulphide 






Type of 


Method of 



Solubility in common 

proposed 

Metal ion 

preparation 

mp (°C) 

Description 

organic solvents 

structure 

Cu(II) 

A 

decompose 

Green powder 

Insoluble 

I 



at 123° 





Table 9A —Metal ion-1,1,3,3-tetra-acetylpropane 


Type of 


Metal ion 

Method of 
preparation 

m.p (°C) 

Description 

Solubility in common 
organic solvents 

proposed 

structure 

Be(II) 

C 

Soften at 100 

Light rose, resinous 

Soluble 

II 

Cu(H) 

A 

Soften at 140 

Brown, resinous 

Soluble 

II 

Ni(II) 

B 

Soften at 140 

Green, resinous 

Soluble 

11 
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Table 10A — Metal ion-1 ,3-diacetyl-1 ,3-dibenzoylpropane 


Metal ion 

Method of 
preparation 

m p. (°C) 

Description 

Solubility in common 
organic solvents 

Type of 
proposed 
structure 

Be(Il) 

C 

Soften at 150 

Orange, resinous 

Soluble 

II 

Cu(II) 

C 

Soften at 120 

Green, resinous 

Soluble 

II 

Ni(Il) 

B 

Soften at 200 

Brown, resinous 

/ Soluble 

' V 


Table 11 A.—Metal ion-1,1,3,3-tetrabenzoylpropane 


Metal ion 

Method of 
preparation 

m p (°C) 

< 

Description 

Solubility m common 
organic solvents 

i proposed 
structure 

Be(II) 

B 

Soften at 150 

Light yellow 

Soluble 

III 




resinous material 



Cu(ll) 

B 

>250 

Light green powder 

Insoluble 

m 

Ni(ll) 

B 

>270 

Brown powder 

Insoluble 

III 


Table 12A —Metal ion-2-phenyl-1,1,3,3-tetraacetylpropane 







Type of 


Method of 



Solubility in common 

proposed 

Metal ion 

preparation 

m p CC) 

Description 

organic solvents 

structure 

Be(II) 

B 

Soften at 170 

Light rose resinous 

Soluble 

II 




material 



CuM) 

A 

-•200 

Greenish brown 

Insoluble 

11 




powder 



Ni(ll) 

B 

■250 

Greenish brown 

Insoluble 

III 




powder 




Table 13A — 

-Metal ion-2-phenyl- 1 ,3-diacetyl-1 ,3-dibenzoylpropane 







Type of 


Method of 



Solubility in common 

proposed 

Metal ion 

preparation 

mp °C 

Description 

organic solvents 

structure 

Be(ll) 

B 

Soften at 150 

orange resinous 

Soluble 

III 




material 



Cu(II) 

C 

260 

green powder 

Insoluble 

III 

Ni(ll) 

B 

•230 

yellowish brown 

Insoluble 

III 




powder 




On the basis of elementary analysis, three types of structures are postulated for the 
polymers obtained: 




r 
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rn 

where R and R' represent alkyl or aryl groups, Y a connecting group and M a divalent 
tetracoordinate metal ion. 

All of the polymers of type 1 are insoluble in organic solvents, probably because 
they have high molecular weights. Similarly, those of type III, which contain co-ordi¬ 
nated hydroxo groups, are insoluble. The solubility of the type II polymers shows 
reasonably good correlation with the molecular weight of the polymer, those of low 
molecular weight dissolving readily. It should be pointed out that on polymers of type 
II, the number of bis-diketone groups must exceed the number of metallic ions by one, 
so the analytical data indicate the molecular weights of these polymers. As might be 
expected, the polymers of type II generally have lower melting points than those of 
type I and type III. In most cases, the melting points are not at all sharp. 

The beryllium polymers prepared by the method of melt polymerization or evapor¬ 
ation of solvent as in methods A and C, generally have a glassy appearance, and are 
resinous when melted. Similar characteristics were observed in the polymers derived 
from 1,1,3,3-tetraacetylpropane and l,3-diacetyl-l,3-dibenzoylpropane shown in 
Tables 9 and 10, all of which are of type II 


Determination of thermal stability 

A relatively simple thermogravimetric balance 1131 was used for a study of thermal 
stability of the polymers prepared. The tests were run on about 200 mg samples. The 
weight loss was measured after successive heating periods of ten hours at each tempera¬ 
ture. The thermal stabilities are summarized in Tables 4B-13B. In general, the order 

Table 4B — Metal ion-1,1,2,2-tetra-acetvlethane (% weight loss) 


Metal ion 

200 C 

250°C 

300 C C 

350°C 

400°C 

Be(U) 

1 18 

7 59 

8-55 

29 20 

75 90 

Cu(II) 

3 10 

11 18 

36 40 

71-20 

— 

Ni(II) 

5 82 

13-10 

29 50 

72 20 

— 

Zn(II) 

8-70 

18 88 

51 00 

— 

— 

Co(II) 

10-02 

40 00 

62 40 

— 

— 


<ul M. L. Judd, Thesis, Doctor of Philosophy, University of Illinois, (1958). 
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Table 5B—Metal ion-1 ,2-dlacbtyl-I ,2-dibenzoylethanb (% weight loss) 


Metal ion 

200° C 

250°C 

300°C 

350°C 

400°C 

Be(II) 

305 

8-05 

15 70 

35-65 

60-25 

Cu(Il) 

204 

11 45 

25-25 

39-75 

79-50 

Ni(II) 

3 82 

16'70 

38-80 

61-50 

— 

Zn(II) 

536 

1947 

25 30 

49 50 

73-50 

Table 6B.— Metalion-1,1 

1 ,4,4-tetra- acetylbutane 


Metal ion 

200°C 

250°C 

300°C 

350°C 

400°C 

Be(il) 

3 25 

10 75 

20-65 

40-75 

70-65 

Cu(Il) 

4 75 

16 95 

42 25 

69-75 

— 

Ni(ll) 

4 95 

20 25 

41 50 

68 75 

— 

Table 7B — Metal ion-1,4-bis-(2,2-diacetylethyl) benzene (% weight loss) 

Metal ion 

200"C 

250°C 

300°C 

350°C 

400°C 

Be(Il) 

196 

671 

20 00 

33 20 

79 20 

Cu(ll) 

3 78 

32 40 

63 20 

— 

— 

Ni(II) 

7 66 

2820 

70 20 

— 

— 

Zn(II) 

9 50 

22 30 

62 30 

— 

— 

Co(U) 

11 50 

54 90 

63 90 

— 

— 

Table 9B— 

Metal ion-1 ,1 ,3,3-tetraacetylpropanf. (°' weight loss) 

Metal ion 

200°C 

250°C 

300°C 

sso^c 

400°C 

Be(ll) 

8 62 

21 72 

34 65 

42 75 

_ 

Cu(Il) 

9 50 

26 70 

40 52 

62 72 

— 

Ni(Il) 

7 80 

25 70 

38 50 

71 72 

— 


Table 10B —Metal ion-1,3-diacetyl-1,3-dibenzoylpropane (% weight loss) 


Metal ion 

200°C 

250 C 

300"C 

350°C 

400C 

Be(ll) 

9 65 

18 45 

32 27 

40 65 

71 80 

Cu(ll) 

8 74 

20 37 

34 85 

62 75 

■- 

Ni(ll) 

6 07 

13 90 

29 50 

72 30 

— 

Table 1 IB — 

Metal ion- 

• 1,1,3,3-tetrabenzoylpropane ( 

WEIGHT LOSS) 

Metal ion 

200°C 

250"C 

300 C 

350°C 

400°C 

Be(II) 

3 02 

13 52 

25-72 

36 72 

56 52 

Cu(Il) 

3 12 

15 02 

31 72 

49 65 

— 

Ni(II) 

4 52 

17 52 

36 92 

62 05 

— 

Table 12B —Metal ion-2-phenyl-1,1,3,3-tetraacetylpropane (% weight loss) 

Metal ion 

200°C 

250°C 

300°C 

350°C 

400°C 

Belli) 

5 52 

23 61 

35 60 

61 80 

— 

Cu(ll) 

21 90 

39 00 

53-50 

72 50 

— 

Ni(II) 

17-52 

36 72 

55-47 

78 79 

— 
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Table 13B.— Metal ioN-2-HreNYL-l,3-DLtC6TYL-l,3-DiBENzoYLi*ROFANE (% weight loss) 


Metal ion 

200°C 

250°C 

300°C 

350°C 

400°C 

Be(II) 

304 

19 65 

32-54 

59-50 

— 

Cu(II) 

6 75 

2065 

37 95 

65-40 


Ni(II) 

10 35 

29 65 

43 75 

69 25 

— 


of thermal stabilities is Be(ll) > Cu(II) > Ni(ll) > Zn(ll) > Co(II), which loosely 
parallels the order found in the /S-diketone chelates. (14-16) Korshak and coworkers ,1,) 
have reported that the hydrolytic stabilities of bis-/S-diketone coordination polymers 
(p K) show a certain parallelism with their thermal stabilities, but the number of cases 
studied is too small to establish this with any certainty. Generally, the polymers 
derived from bis-(benzoylacetones) and bts-(dibenzoylmethanes) are thermally more 
stable than the polymers derived from the corresponding bis-acetylacetones. Similarly, 
the polymers derived from bis-(/?-diketones) containing a connecting group such as 

—CHjj—, —(CH^j,—, —CH(C 8 H s )— or —CH 2 —\—CH 2 —are thermally less 

stable than the polymers derived from the corresponding bis-(/i-diketones) which have 
no connecting group; the order of thermal stabilities of such polymers is —(CH^— 

~ —CH S — o —CH 2 — > —CH 2 — > —CH—. The beryllium polymers do not 

always conform to these generalizations. 

EXPERIMENTAL 

Synthesis of bis-(fi- Dike tone) 

Bis-(p-Diketoncs) were synthesized according to the methods referred in Tables 1, 2 and 3 
Metal ion-bis-(J)-diketones) polymers 

1. Reaction in aqueous solution ( method A) To a solution of bis-(diketone) (0 005-0 01 mole) in 
75-100 ml of dioxane or methyl alcohol was slowly added an equivalent amount of metal acetate or 
ammomacal metal acetate in 25-50 ml of solution over a period of 30-60 mm. In the cases in which 
no precipitate formed, the solution was refluxed for several hours and evaporated to dryness in vacuo 
The precipitate or residue was washed well with water and extracted with acetone, alcohol or benzene 
in a Soxhlet extractor. 

2. Melt polymerization (method B) After heating equivalent amounts of the metal acetylacetonate 
and bis-(/J-diketone) at 150-200"C for 2 hr under a nitrogen atmosphere, the melted material was 
heated in vacuo for another 2-3 hr; volatile material was thereby removed The remaining material 
was purified by extraction with organic solvents, those which were soluble in organic solvents were 
not purified. 

3. Reaction in non-aqueous solvents ( method C) Solutions of the metal acetylacetonate and bis- 
(/l-diketone) (0 005-0 01 mole) were mixed in 100 ml of decalm or xylene, the mixture was refluxed 
for five hr and then concentrated to half of its volume under vacuum. If no precipitate came out of the 
soluUon on cooling, the product was obtained by evaporating the solution to dryness in vacuo The 
polymers were purified as described above 

4. Interfacial polymerization ( method D) AO 005 molar solution of the bis-(j?-diketone) in methy¬ 
lene chloride and an equivalent volume of 0 005 molar ammomacal solution of the metal acetate or 
bromide were stirred together slowly for 2 hr. A scum formed at the interface of the two layers The 
product was filtered, washed well with water, and extracted with organic solvents 

The analytical data and preparative methods are summarized in Tables 4C-13C 

<M > R. G. Charles and M. A Pawlikowski, J Phys Chem. 62, 440 (1958). 

,15) J. VAN Hoene, R. G. CHARLES and W M. Hickam, J. Phys Chem. 62, 1098 (1958) 

<“» E. W. Berg and J. T. Truemper, J Phys Chem 64, 487 (1960). 

mi v. V. Korshak, E. S. Krongauz, A. M. Sladkov, V. E Sheine and L. K Luneva, Vysoko - 
molekulyarnyl Soedineniya 1,1765 (1959) 
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Table 4C.— Metal ion-1,1,2,2-tbtra*acetylethane 


ms 


Analytical data 

Metal ion Proposed formula Carbon (wt. %) Hydrogen (wt. %) Metal (wt. %) 

Found Calc. Found Calc. Found Calc. 


Be(II) 

(CjoH 11 0 4 Be)n 

59-43 

58-52 

6-10 

5-85 

4 29 

4-39 

Cu(II) 

(C 10 H i aO|) x jCu i o 

48 72 

47-3 

, 5 02 

4-73 

24 20" 

22-75 

Nian 

(CtiHiANOn 

46-88 

47-12 

4-94 

4-75 

2076 

13-02 

Zn(II) 

(Ci 0 Hi a O 4 ) 7 Zn 8 (HaO ) 12 

41 42 

42-42 

500 

5-40 

1969 

19-90 

Co(H) 

(CioHj *O 4 ) a 0 (OH)|Co 1 1 

46 58 

46-12 

5-18 

4 65 

24-60 

23-82 


Metal ion 


Table 5C —Metal ion-1,2-diacetyl-1,2-dibenzoylethane 

Analytical data 

Proposed formula Carbon (wt. %) Hydrogen (wt %) Metal (wt. %) 

Found Calc. Found Calc Found Calc. 


Be(l It 

(C„H 1 ,0,) 11 (OH) u Be 1 , 

67 50 

67-70 

5 19 

4-88 

3 84 

4 02 

Cu(II) 

(C # 0 H 1 # O 4 ) 18 (OH) 1 Cu 14 

60 94 

61-17 

4-19 

4-16 

17 68 

17-48 

Ni(lll) 

(C 10 H 1 ,O 4 ) 11 (OH),Ni u 

60 23 

62 20 

460 

4 21 

15 82 

16-37 

Zn(Il) 

(C.oH.eO.l.^OHl.Zn^-HH,© 

57 34 

57 14 

431 

4 39 

17 82 

17-95 


Table 6 C —Metal ion-1,1,4,4-tetraacetylbutave 


Analytical data 


Proposed formula Carbon (wt %) Hydrogen (wt. %) Metal (wt %) 




Found 

Calc 

Found 

Calc 

Found 

Calc. 

Bedl) 

(Ci 8 H i„0 4 ) 4 ( OH) fl Be 7 

55 29 

54 27 

6 93 

664 

7 17 

5-94 

Cu(II) 

(C n H i fl 0 4 Cu)« 

49 64 

50 10 

5 74 

5 56 

21-42 

22-08 

Ni(ll) 

(C 12 H Ifl O 4 ) n (OH) lfl Ni 10 6 H 2 O 

43 19 

43 02 

5 37 

5 38 

24-74 

25 50 


Metal ion 


Table 7C —Metal ion-1,4-bis(2,2-diacetylethyl) benzene 

Analytical data 

Proposed formula Carbon (wt %) Hydrogen (wt %) Metal (wt. %) 

Found Calc. Found Calc. Found Calc. 


Be(Il) 

(C 18 H, 0 O 4 Be 1/2 HjO)n 

67 83 

67 92 

6 51 

660 

2-70 

2 83 

Cu(ll) 

(C 11 H 10 CM 5 CU 4 

61 33 

61 48 

5-81 

5-85 

14-65 

14-46 

Nidi) 

(C 1 ,H 1 u 0 4 ),(OH) i Ni, 16H.O 

5206 

52 28 

6 37 

6 01 

1640 

16 32 

Co(Il) 

(C^H.oO.MOHl^Co.j 7H,0 

39 97 

40 27 

4 88 

4 69 

24-17 

24-16 


Metal ion 


Table 8 C —Metal ion-bis-(uiacetylmethyl) sulphide 

Analytical data 

Proposed formula Carbon (wt. %) Hydrogen (wt. %) Metal (wt. %) 

Found Calc. Found Calc. Found Calc. 


Cu(II) (C, 0 H,,O 4 SCu)n 


41 79 41 79 5 12 4 12 
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Metal ion 


Table 9C—Metal ion-1,1,3,3-tetr aacetylpropane 


Analytical data 

Proposed formula Carbon (wt. %) Hydrogen (wt. %) Metal (wt. %) 




Found 

Calc. 

Found 

Calc 

Found 

Calc 

Be(II) 

(C n H 14 0 4 ),Be 

64 46 

61 54 

6 49 

6 52 

1-78 

2-09 

Cu(Il) 

(C n H 14 0 4 ) t Cu-2H,0 

50 28 

50-82 

6 17 

616 

12 54 

12 22 

Ni(II) 

(CuHuOJtNii 

53 19 

53 01 

5 08 

5 62 

15-98 

15 71 


Metal ion 


Table IOC —Metal ion-1,3-diacetyl-1,3-dibenzoylpropane 


Analytical data 

Proposed formula Carbon (wt. %) Hydrogen (wt. %) Metal (wt %) 





Found 

Calc 

Found 

Calc. 

Found 

Calc 

Be(II) 

(C n H 


73 30 

74-44 

5-86 

5 32 

1 43 

1 33 

Cu(II) 

(C !I N le 0 4 ).Cu,-18H I 0 


56-94 

57 16 

5 96 

544 

12 23 

1200 

Ni(ll) 

(C al H 18 0 4 ) 4 Ni 4 4H a O 


64 18 

63 73 

5 13 

4 95 

11-81 

11-87 


Metal ion 


Table 11C —Metal ion-1,1,3,3-tetr abenzoylpropane 


Analytical data 

Proposed formula Carbon (wt %) Hydrogen (wt %) Metal (wt 




Found 

Calc 

Found 

Calc. 

Found 

Calc 

Be(Il) 

(C sl H 2 2 0 4 ) 1 a(OH) 1 oBei8 

77 08 

76 91 

5 43 

4 74 

2 85 

2 57 

Cu(II) 

(CaxH 2204 ) ia ( 0 H) fl Cu 1( , 

69 37 

68 37 

4 49 

4 15 

14 59 

14 36 

Ni(II) 

(C sl H aa 0 4 ) 14 (0H) 8 N ll6 .2Ha0 

71 16 

70 74 

460 

4 26 

12 05 

1195 


Metal ion 


Metal ion 


Table 12C—Metal ion-2-phenyl-1,1.3,3-tetra-acetyl propane 


Analytical data 

Proposed formula Carbon (wt. °/_t Hviirnmi tut °/J 


(CirHjgOghCUa 
(C17H laOf^OH) jo^I 9 


Table 13C — Metal ion-2-phenyl- 1,3-di acetyl- 1,3-dibenzoylpropane 


Analytical data 

Proposed formula Carbon (wt. %) Hydrogen (wt %) Metal (wt %) 


Carbon (wt. %) Hydrogen (wt % 

) Metal (wt "„) 

Found 

Calc. 

Found 

Calc 

Found 

Calc 

69 18 

69 6 

6 38 

6 15 

2 30 

2 30 

61-45 

61 04 

5 70 

5-57 

13 36 

14 24 

44 97 

44 29 

4 62 

4-48 

26-68 

28 66 




Found 

Calc 

Found 

Calc 

Found 

Calc 

Be(II) 

(C* 7 H a 8 04) & (0H)4Be7 

73 78 

74 24 

510 

5 26 

2 54 

2 90 

Cu(II) 

(Ci7H t j0 4 )4(OH) 1 oCuj, 

57 63 

54 41 

4 28 

414 

25-02 

23 99 

Ntfll) 

(C # 7H al 04) B (0H) I 4 N ] 12 llHgO 

50 99 

50 77 

4 32 

4 57 

22-01 

22 07 








j Inorg Nod. Cham., 1962, Vot. 24, pp. 1235 to 1239. Feffunon Prett Ltd, Printed in Northern Ireland 
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A GENERALIZED FORMULATION OF THE METHOD OF 
CONTINUOUS VARIATIONS FOR MIXED 
LIGAND COMPLEXES 

K. O. Watkins and M. M. Jones* 

Department of Chemistry, Vanderbilt University, Nashville, Tennessee 

(Received 6 December 1961 ; in revised form 23 April 1962 ) 

Abstract— Equations are developed which describe the method of continuous variations for the case 
of a single complex with an arbitrarily large number of types of ligands The restrictions which apply 
to the use of the absorption of light m the study of such a case are also developed. When any other 
complex is present, the maximum concentration of the principal complex will be found in a solution 
which contains the reactants in a mole ratio other than that in which they enter the complex. Such 
displacements have been found m a large number of systems reported m the literature and may be 
expected to be an inevitable, but not necessarily obvious, feature of such studies 

The wide use of the method of continuous variations has resulted in its application to a large num¬ 
ber of systems for which there is no corresponding complete theoretical treatment. The purpose of 
this paper is to present a general continuous variations solution for the case of a single complex con¬ 
taining an arbitrarily large number of ligands The results of the examination of this general case can 
then be applied to the examination of some typical cases from the literature 

The general chemical equation for the formation of a single complex from metal ions, 
A, and various ligands, B, C, D, etc , can be expressed as- 


oqA + x 2 B + a 3 C + a 4 D + . . . a v Z = Aa 1 Bx 2 Ca 3 Da 4 . . . Zx N (1) 


where the a’s represent the integral amounts of A, B, C, D, etc, used to form the 
complex. 

If the activities and concentrations are assumed to be equal, and if C, represents 
the concentration of A, C 2 that of B, etc , then the instability constant can be written 

as 

KC c = . . . C N ’-v (2) 

where C t represents the concentration of the complex. 

If solutions of the reactants in which the total molarity is constant are prepared, 
and if the original contributions of A, B, C, D, etc., to the constant molarity are 
represented as x v x 2 , v 3 , x i respectively, then the concentrations of these species after 
reaction will be - 


C N = Af(l - «A-C 


(3) 


In order to show the conditions for a maximum in the concentration of the complex 
more readily, equation (2) is written 




log K + log Cc = Y *< l°g C. 

,-i 

* To whom correspondence concerning this paper should be addressed 
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(4) 
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The conditions for an extremum in C c (13) are simply that: 

8 log C c _ 8 log C c = 8 log C c = 8 log C c = 8 log C c = Q 

6x x dxj dx 3 8x t dx N 

If equation (4) is differentiated with respect to x v then x 2 , etc., equation (5) can be 
used to give a series of equations which must be satisfied simultaneously if an extre¬ 
mum in log C c (and hence C c ) is to occur. These equations are: 


8 log C c 8 log C N _ X <5 l°g C N _ n 

— *v-i —~-r.<*A’ -s- 


dxjv_i 


8xn- i 


8x n _x 


( 6 ) 


Substitution of the derivatives of the logarithmic form of equations (3) into equations 
(6) (setting dC c /dx = 0) gives: 


cc N . 


( M \ M 

1 W*,_ a - a^cj - M UJf Xt 

V 


= 0 


a 3 


M 


Equation (7) may be written • 

«i _ = _ 

Mx x — oqCc Mx 2 — a 2 C c Mx 3 a 3 C c 
or in pairs such as 

ol 1 (Mx 2 — a 2 C c ) — a 2 (Wi, — a,C c ) etc 
Equation (9) can be satisfied when: 

a, a 2 


x N C c 


«A- 


(7) 


/ \ 

(' -.?,*■) - 


a A'Cc 


(«) 

(9) 

( 10 ) 


and hence equations (8) can be written as: 


^2 ^3 X4 Oty SCy. 

*1 x 2 x 3 X 4 j _*- V ^ ^ 

<-l 

Equation (11) gives the condition for an extreme value of C c as one in which the 
initial molar fractions are the same as the ratios in which the materials enter the com¬ 
plex. This is a maximum, as can be shown by a Taylor series expansion, utilizing the 
fact that the first derivatives vanish at certain values of x x given by equation (11) The 
values of the variables which satisfy equation (11) are denoted x^ 01 , x 2 (0) , etc. This 
procedure is analogous to that given by Hancock Let x,. x 2 , etc., be another set of 
positive values of the variables for which 

N -1 \ 

1 — 2 x t ) — a.vCc 

»=i / 



is positive, and substitute the value x ^ 01 + «(*! - x,<°>) . . . Xjv<°> + u(x N - x iV (0) ) 
where 0 < u < 1 for the variables in log C c . The Taylor series expansion for log C c <0) 

»» H. Hancock, Theory of Maxima and Minima, Chap. V, Ginn, Boston (1917). 
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than gives: (observing that the first derivative vanishes) 


log Co <0 » = log Co - 


1 


‘ (V 1 ' - Xl W) 2 

- ai (*l ) 8 


where x x ... x N are variables of the form: 



( 12 ) 


V 0 ’ + 6(x 1 - x ^>),... + B{X S - x N W) with 0 < 0 < 1. (13) 


Since the bracketed expression is always positive and different from zero for Xl ^ x, (0 >, 
etc., then log C c > log C e ,0) or C c > C c l0) , and hence C c i&a.maximum. If two complexes 
are present, these conditions are no longer satisfied and it is then more profitable to 
make a detailed examination of the specific case under consideration. 

For a system of mixed ligands, it is imperative that the range of the variables x lt 
x 2 , ..x N be such that only a single complex forms within this range. It is then 
possible to examine the effect of higher and lower complexes on the position of the 
maximum by the use of methods similar to those used by Vosburgh (2,S) and Katzin (4 >. 


EXAMINATION OF THE Y FUNCTION 
The condition for an extreme value in the physical property, in this case the absorp¬ 
tion of monochromatic light, for the general case of a complex with many ligands is 
dY\dx = 0 . 

If e 0 , e v e 2 , e 3 , e 4 , . .., e N represent the respective extinction coefficients of 
compounds A, B, C, D, E, F, ..., Z and C v C 2 , C 3 , C 4 , . .., C N represent the 
respective concentrations of these compounds, the general expression for the extinction 
A r , of the reaction solution for equation (1) can be written 


A r = L (’iV.) + ecCo 


(14) 


where N is the number of compounds involved in the complex and L is the length of 
the light path. The general expression for the extinction A„ r , of the solution assuming 
no reaction is: 


A nr = L 


M 


(' - 2 *) 


N -1 

+ M 2 

1 = 1 


(15) 


The Y function is equal to A r — A nr or 


Y = L 


-\~x / 1V-1 \ 

2 e iC, + «cC c — M [ 1 — 2 x i ) e jv — M . 

-i-i \ i-l / 4>*i 


(16) 


The condition for Y to show an extreme value is that dY/dx j * dYjdx 2 = dYjdx 3 
= ... dY/dx N = 0. The condition to satisfy for a simultaneous maximum in the 


121 w. C. Vosburgh and G. R Cooper, J. Amer. Chem Soc. 63, 437 (1941) 
ts> R. K. Gould and W. C. Vosburqh, /. Amer. Chem. Soc. 64, 1630 (1942). 
L I Katzin and E Gebert, /. Amer. Chem. Soc 72, 5455 (1950). 


6 
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physical property and the concentration is dYjdx t = dCJdx i — 0. The expanded Y 
function from equation (16) is 

Y — Z, + CgCf “t" e 8^S H" • • • e N^N ~ e c Cc — \ <JV 2 

— c l Mx 1 — e 2 Mx 2 — e a Mx a — .. . « A Afx V J . (17) 

The derivatives of Y with respect to x v x s , x 3 . x N are 



Substitution of the derivative forms of equations (3) into the equations given above 
gives the following equations respectively. 


dY 

dx N 

+ . 



XT-1 


JV-l 

8 5 >< 


•*{( “ *" fafl + "ir K + 


N-l 
8 2 


dx N J (19) 


The general expression d Y/dx y for the formation of a mononuclear complex from 
many ligands can be written 

dY/dx N = L[dCcldx iS (( c — — x 2 e 2 — a 3 e 3 — . . . a iV e A .)]. (20) 

The condition for an extremum m dYjdx N that coincides with an extremum in dC c ldx N 

is £ C «!«! + x 2 e 2 + x 3 e 3 + . . . Xy( N . 

If e c > + a 2 6 2 + a 3 « 3 + ... a v e A -, then a maximum occurs m dC c jdx N . If 

€ C < x 1 t 1 + a 2 e 2 -f a 3 « 3 -f . .. x N e N , a minimum occurs in dC^jdxy. 

The most probable way to satisfy the maximum condition is to pick a wavelength 
so that all the e’s except e c will be zero. In this circumstance, Y will show an extreme 
value when C c does, and the extreme value will be a maximum. 

It has thus been demonstrated that it is possible to obtain a simultaneous extremum 
in the concentration of the complex and in the physical property, and this is sufficient 
proof that the method of continuous variations can be theoretically extended to the 
formation of any single mixed ligand complex. 

The conditions required for this extension are so severe however, that it will be 
impractical in all but a very few cases. It should be noted that if more than one complex 
is present, as is almost always the case, then the concentration of even a predominant 
mixed cotnplex will no longer reach maximum value at the stoicheiometric mole 
ratios of the reactants. Such displacements are determined by the relative amounts of 
the principal complex and other complexes present. These displacements can be seen 
in many of the studies already published which use this method where they may be 
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seen to vary from displacements which are barely perceptible to ones of the order of 
0-10 units on 
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ACID CATALYSIS OF THE HYDROLYSIS OF ACETATO- 
PENTAMMINE COMPLEXES OF COBALT(III), , 
RHODIUM(III) AND IRIDIl/M(III)*t 
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Department of Chemistry, Northwestern University, Evanston, Illinois 
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Abstract—The syntheses of [M(NH,) s (RC00)](ClO t ), where M = Rh(III) or Ir(III) and RCOO- = 
CH,COO~, (CH,)»CCOO~ or CF s COO~ are described. The rates of hydrolysis of these complexes 
as well as the corresponding Co(III) systems were determined in acid, [H + J = 0-01-0-1 M. In all 
cases the rates of hydrolysis increase with increase of acid concentration. The mechanism of acid 
hydrolysis of these systems is discussed 

Kinftic studies of the hydrolysis of acetato and substituted acetatopentamminecobalt 
(111) ions, 

O 

II 

[(NH 3 ) s Co—O—CR] 4 + H a O - [(N H 3 ) 5 Co—OH 2 ]' 3 + RCOO , (1) 

were reported earlier. 111 The rates of hydrolysis were found to be the same, within 
experimental error, at H + concentrations of 0-004 and 0-008 M. It was concluded that 
in this acid region there was no detectable acid catalysis. Yet it is known that the 
hydrolysis of certain types of complexes are acid catalysed. These complexes seem to 
fall into either one or the other of two different categories. (1) Complexes containing 
ligands that are strongly basic or have a large tendency to hydrogen bond,e.g. [Co(NH 3 ) 6 
C0 3 ] +,2) , [Co(en) 2 F 2 ] +<3) and [Fe(CN) e ] 4_ > (4) . (2) Complexes containing flexible multi- 
dentate basic ligands, e g [Fe(bipy) 3 ] 2+ ’ <5) , [Fe(EDTA)]~' (6) , [Ni(EDTA)] 2 - (7) , and 
[Cr(C 2 0 4 ) 3 ] 3 -.< 8 >.* 

This paper reports the results of a kinetic investigation on hydrolysis reactions of 
type (1) where the metals are cobalt (III), rhodium (III), and iridium (III) and the 
negative ligands are CH 3 COO _ , and (CH 3 ) 3 COO~, and CF 3 COO~. In all cases the rates 

* This research was supported by the United States Air Force through the Air Force Office of 
Scientific Research of the Air Research and Development Command, under Contract No. AF 49(638)- 
315 Reproduction in whole or in part is permitted for any purpose of the United States Government. 

t This paper was presented by F. M at the meeting of the Italian Chemical Society in Naples 
in May, 1962. 

+ The symbols used are: en = ethylcnediamme, bipy = 2,2'-bipyndine, EDTA = ethylene- 
diaminetraacetate ion 
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depend on the concentration of H + between acid concentrations of 0-01-0-10 M. 
A tentative mechanism for hydrolysis is discussed. 

EXPERIMENTAL 

Preparation of complexes. The complexes of Co(III) were prepared by the reaction of [Co(NH,) t 
COJNO,with the destred acid according to the methods described previously 1 ' 1 * 1 . The only difference 
was that the desired complexes, [Co(NH,),(RCOO)l ,+ , were isolated as the perchlorate salts by the 
dropwise addition of cone. HCIO, to the reaction mixture surrounded by an ice-bath. The aquo 
complexes, [M(NH,),H a O] (CIO,),, of CoflH), 1101 Rh(lII) ,u> and Ir(III) lu> were also prepared by 
the methods described in the literature. 

No report was found for the synthesis of salts of [Ir(NH,),(RCOO)] 8+ The compound [Rh(NH 3 ) 5 
(CH,COO)] Br,.H,0 is described as being prepared by grinding the hydroxo compound in a suspen¬ 
sion of acetic anhydride Our results by this method were not satisfactory so that the methods 
described here were used. The Rh(lll) and Ir(III) complexes were prepared by the reaction 

[M(NH s ) a H„0]* + + RCOO -+ [M(NH,) 6 (RCOO)] a+ + H.O (2) 

This is essentially the same reaction as that used for the synthesis of the Co(IlI) complexes but the 
experimental conditions are different. Since the Rh(III) and Ir(IIl) compounds had not been prepared 
previously, the methods of synthesis are described. However, it should be remembered that the 
primary purpose was to obtain the pure compounds so that no attempt was made to find the optimum 
conditions for maximum yields. Detailed procedures are given only for the preparation of the acetato 
complexes of Rh(III) and Ir(III). The tnfluoroacetato complexes were prepared in the same way 
whereas slight modifications were necessary for the pivalato systems. These modifications, due to 
the insolubility of pivalic acid in water, are described 

[Rh(NH 3 ) 8 (CH 3 COO)] (CIO,), An excess (~3 g) of Ag,0 was added to a hot (~70°C) solution 
of 2 25 g of [Rh(NH 1 ) t CI]Cl a ,l4, contained in 150 ml of water The mixture was stirred for a tew 
(—5) minutes and then filtered. The filtrate, which is perhaps largely [Rh(NH,),CI] (OH) a , was 
refluxed for one hour At this point a second excess of Ag a O was added and the mixture was again 
stirred for a few minutes. The insoluble material was removed on a filter and the filtrate was refluxed 
for one hour. This same procedure was repeated a third time Such a tedious procedure was used 
because prolonged refluxing of [Rh(NH,),Cl] Cl* in an aqueous suspension of Ag a O—AgCl results 
in the apparent loss of NH a and some decomposition of the complex 

The final filtrate containing [Rh(NH,),OH] (OH), was acidified with 25 ml of CH,COOH and 
the solution was evaporated to dryness on a steam-bath Care must be taken to remove the solid 
residue from the steam bath as soon as it becomes dry in order to prevent decomposition The solid 
residue was then dissolved in 50 ml of water and cone HCIO, was added dropwise (~10 ml) with 
constant stimng. Small white crystals of the desired product, [Rh(NH,),(CH,COO)] (CIO,), 
separated These were collected on a filter, washed with alcohol and ether, then air dried at room 
temperature The compound prepared in this way was sufficiently pure but further purification was 
possible by recrystallization from a minimum amount of water. 

The pivalato complex was prepared in the same way also starting with 2 25 g of [Rh(NH,),Cl]Cl, 
The final filtrate containing [Rh(NH,) s OH] (OH), was heated on a steam hath and 5 g of (CH a ) a 
CCOOH was added along with sufficient (10 ml) ethanol to put it in solution The reaction mixture 
was then concentrated to about 50 ml and 3 g of (CH,),CCOOH was added plus enough ethanol to 
dissolve it. After heating on the steam-bath for an additional hour, the solution was cooled to room 
temperature and transferred to a separatory funnel. The solution was twice extracted with 50 ml of 
ether to remove the excess acid. The water solution was then cooled in an ice-bath and cone HCIO, 
was added (~10 ml) dropwise. The desired crystalline salt was collected on a filter, washed with 
alcohol and ether, and air dried at room temperature. Since the salt is very soluble in water, it 
was recrystallized from boiling ethanol to which was added just enough water to dissolve the solid 

[Ir(NH,),(CH,COO)] (CIO,), The Ag a O procedure described above was not used for the lr(lll) 
system which is known' 181 to generate the hydroxo complex by reaction with NaOH. A solution of 
2 g of [Ir(NH,),Cl] C1, 1S) in 70 ml of 1M NaOH was refluxed for 8 hr. The reaction mixture was 
then acidified by the addition of 30 ml of cone. CH,COOH after which it was evaporated to 2 ml 

1101 Gmeuns’ Handbuch der Anorganischen Chemie, 58 B, 94 (1932) 

<ll > Gmeuns’ Handbuch der Anorganischen Chemie, 64, 109 (1938). 

,1 ” Gmeuns’ Handbuch der Anorganischen Chemie, 67, 144 (1939) 

(1 *> B. E. Dixon, J. Chem Soc. 781 (1935) 

<l4 ' Gmeuns' Handbuch der Anorganischen Chemie, 64, 134 (1938). 

<u * Gmeuns’ Handbuch der Anorganischen Chemie, 67, 157 (1939). 
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on a steam bath. Another 20 ml of cone. CH,COOH was added and heating was continued for 
1 hr. Enough water was added to give a volume of about 30 ml and the solution was cooled in an 
ice-bath The addition of cone HClO,(~10ml)dropwise with stirring yielded the desired whitecrystal- 
line product. This was collected on a filter washed with ethanol and ether, and then air dried at room 
temperature Further purification by recrystallization from an ethanol-water mixture was possible. 

The pivalato complex was prepared by refluxing 1-9 g of [Ir(NH,),H,0] (CIO,), with 40 ml of a 
saturated solution at room temperature of (CH,),CCOONa for 10 hr. This reaction mixture was 
then cooled to room temperature and 12 ml of cone. HCIO, was slowly added. After transferring 
to a separatory funnel the mixture was extracted with 150 ml of diethyl ether. The solid containing 
the desired compound contaminated with pivalic acid was collected on a filter. This solid mixture 
was then dissolved in 10 ml of hot water and extracted again with 50 ml of ether. The water layer 
was then cooled in an ice-salt bath and cone. HCIO, (~5 ml) was added dropwise The crystalline 
product which separated was collected and recrystallized from absolute ethanol. 

The analyses of all of these compounds are reported in Table 1. The microanalysis determinations 


Table 1 —Analyses of the [M(NH,) 5 (RCOO)](CIO,) 2 compounds 


Compound 

Per cent calculated 

C H N CIO, - 

C 

Per cent found 

H N 

CIO, - 

[Co(NH,) 6 H e O](CIO,) 3 

— 

— 

— 

64 8 

— 

— 

— 

64-5 

[Co(NH,) 6 CH 3 COO](N0 3 ) 2 
[Co(N H 3 ) s (CH,) s CCOO](CIO,) a 

7 37 

5 50 

30 0 

37-9* 

7 02 

5 66 

30-3 

38 0* 

13 5 

5 40 

— 

44-8 

139 

5 84 

— 

45 6 

[Co(NHj) 6 CFjCOO)(CIO,) 2 

5 25 

3 28 

— 

43 6 

5 35 

3 54 

— 

43-6 

[Rh(NH 3 ) 3 H 2 0](C10,) 3 

_ 

_ 

13 8 

59 2 

_ 

— 

13 8 

59-5 

(Rh(N H j) 6 CH 3 COO](CIO,), 

5 36 

4 03 

— 

44 6 

5 36 

4 21 

— 

44-4 

lRh(NH 3 ) 5 (CH 3 )3C001(C10,) 2 

12 3 

4 90 

14 3 

40 8 

11 7 

5 15 

14 0 

40 8 

[Rh(N H ,) t CF,COO](CIO,), 

4 80 

3 00 

14 0 

39 8 

4 70 

3 74 

14-3 

39-7 

[Ir(NH 3 ) 6 H 2 0)(CI0,) 3 

— 

— 

11 9 

50 2 

— 

— 

121 

49-6 

[Ir(N H a ) 6 CH 3 COO ](C10,) 2 

4 46 

3 35 

13 0 

37 1 

4 93 

3 79 

13-3 

37 3 

(lr(NH 3 ) 3 (CH 3 ) 3 CCOO](CIO,) 2 

10 4 

4 15 

12 1 

34-4 

9 91 

409 

12-2 

34-5 

[lr(NH 3 ) 5 CF 2 C00](C10,) 2 

4 06 

2 54 

11 8 

33 7 

403 

2 91 

12 0 

33 6 


* This is % NO a 


of C, H and N were made by Miss H Beck The percentage of anion, either CIO, - or NO, - , was 
determined by the replacement of Cl' from an anion resin Approximately 50 mg of the complex 
salt was dissolved in about 5 ml of water and this solution was passed through IRA-400 in the 
chloride form The chloride ion eluted was then titrated with 0 01 M AgNO, using K,CrO, as an 
indicator. For the aquo complexes it was necessary to first remove the complex on a cation resin, 
IR-120 in the sodium form Unless this is done there is apparently an interaction between the aquo 
complex and chromate ion which makes it difficult to get reliable results It was also necessary to 
remove all Co(III) complexes in this manner, since the pink colored solutions make it difficult to see 
the visual end point Analytical data for all of these compounds are reported in Table 1 

Kinetic studies The rates of reaction were followed spectrophotometrically. In all cases the 
wavelength used was that known to give a large change in optical density during hydrolysis. These 
wavelengths (shown for each system in Table 2) were determined by a comparison of the spectra of 
the acetato complexes, [(NH,) s (RCOO)]’ + , with the corresponding aquo complex, [M(NH,),(H 2 0)]’ + . 
These spectra were measured using a Beckman DK-2 recording spectrophotometer. The spectra 
for M — Rh(III) are shown in Fig. 1 Those for Co(lll) and Ir(Ill) are similar except that they are 
shifted towards longer and shorter wavelengths, respectively 

Except for the very slow reactions of the Ir(IIl) complexes, the experimental procedure used to 
follow the rates of hydrolysis was always the same In general aqueous solutions were prepared 
containing approximately 1-1 5 mg/ml of complex, 0 01-0'1 M HCIO, and sufficient NaCIO, to give 
an ionic strength of 0 100 -i 0 005 Some of the solution was placed in a 1 cm stoppered quartz cell 
which was then inserted in a Beckman DU cell compartment This was maintained at constant 
temperature, i0-l°, by circulating water from a thermostatic bath. Because very high temperatures 
were required, it was necessary to separate the heated spacers from the rest of the instrument. This 
was done by placing a half inch insulator layer next to the heated spacers and then water cooled spacers 
between the insulator and the instrument. In this way it was possible to maintain temperatures as 
high as 90° in the cell compartment whilst keeping the rest of the instrument at room temperature. 
The quartz cell containing the reaction mixture was positioned in the light path only during the time 
of actual measurements of optical density. The reference cell contained either water or a NaCIO,- 
HCIO, solution. 
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Table 2 — Rates of hydrolyses of [M{NH,),RCOO] ,+ complexes* 


1 


Temp. 

[H+] 

&obs 

*H,0 

*H + 

Complex 

(raft) 

(°C) 

(M) 

(sec- 1 ) 

(sec 11 ) 

(sec -1 M~ l ) 

[Co(NH,),CH,COO] ,+ 

292 

550 

0-0485 

9-8 X 10-‘ 

1-4 X 10-* 

1-7 X 10-* 


699 

0-0480 

5-4 X 10- s 

8 0 X 10-* 

9-3 X 10-* 



78-8 

0 0097 

4-3 X 10- s 





78-7 

0 0194 

7-1 X 10-* 





78 8 

0 0291 

9 6 X 10-‘ 





78 8 

0-0485 

1-4 X 10-* 

2 0 X 10~* 

2-5 X 10-* 

[Co(NH 1 ),(CH I ),CCOO]* + 

310 

70 9 

0 0480 

1 7 X 10~“ 

5 2 X 10-“ 

2 5 x 10-* 


78 6 

0 0097 

2 6 X 10-“ 





78'6 

0 0485 

5 0 X I0-» 





78 6 

0-0730 

6-4 X 10~“ 





78-6 

0 0970 

7 7 X 10"“ 

2-1 X 10-“ 

5 8 X 10-* 



88-3 

0-0465 

1-6 X 10-* 

7 7 X 10-“ 

1 6 X 10-* 

[Co(NH,) s CF,COOr 

268 

60 0 

0 0192 

1 8 X 10"“ 

1 8 X 10"“ 



70 0 

0 0096 

5 7 X 10"“ 

5-7 X 10 • 

~3 X 10 “ 



78-8 

0 0097 

1-5 X 10* 





78-9 

0 0485 

1-6 X 10-* 





78 9 

0 0960 

1 7 X 10 4 

1 5 X 10 4 

~1 X 10 * 

[Rh(NH,) 5 CH,COOP 

230 

53 8 

0 099 

2 0 X 10-“ 


20 X 10 * 


62 7 

0 096 

5 2 X 10-“ 


5 3 X 10-* 



78 8 

0 0194 

5 5 X 10-“ 





78 9 

0 0291 

8 2 X 10~“ 





78 7 

0 0485 

1 3 X 10* 

~4 X 10 * 

2 6 x 10 8 

[RhtNH.l.CCH^CCOOP 

245 

68 6 

0 098 

3 2 y 10““ 


3 3 x 10 * 



78-4 

0 0194 

1 9 X 10“ 





78-6 

0 0485 

46 X 10 “ 





78 6 

0 0970 

8 8 X 10“ 

~2 x 10 “ 

89 X 10 4 



87 6 

0 0470 

1-1 X 10* 

~6 X 10-« 

2 1 X 10 8 

[Rh(NH,),CF s COO]" f 

223 

640 

0 0195 

3 3 X 10“ 

3 1 ^ 10-“ 

~8 X 10 “ 



72 8 

0-0190 

8 4 X 10-* 

8 2 X 10-“ 

~1 X 10 * 



78-9 

0 0097 

1 5 X 10* 





78 9 

0-0485 

1-6 X 10-* 

1 5 x 10-* 

~1 5 X 10-* 

[lr(NH > ) s CH a COO] a+ 

230 

79 9 

0 0194 

1 6 X 10 6 





79-9 

0 0485 

4-1 X 10-“ 





80 0 

0 0776 

5 9 X 10-“ 





80 0 

0 0970 

72 X 10 ‘ 

<1 x 10*t 

77 X 10 “ 



91 5 

0 0465 

1 1 x 10“ 

<1 x 10 “t 

7-4 X 10- 1 

[Ir(NH,),(CH,)3CCOOr 

225 

80 6 

0 0388 

39 X I0- 7 





80 6 

0 0582 

6 2 X 10- 7 





80 6 

0 0873 

8 4 X 10 7 

<1 x 10’t 

1-0 X 10 “ 



95 5 

0 055 

3 6 X 10-“ 

<1 X 10 _, t 

6 0 X 10 “ 

[Ir(NH,).CF,COO] 8 + 

240 

74-0 

0-0475 

73 X 10-“ 

1 8 x 10-“ 

1 2 X 10* 


80 7 

0 0194 

6 3 X 10-“ 





80 7 

0 0388 

1 0 X io-“ 





80 7 

0 0680 

1 5 X 10-* 





80-7 

0 0970 

2 0 X 10-“ 

31 X 10-“ 

1 8 X 10-* 



92 5 

00185 

1 7 X 10“ 

1 1 X io-“ 

3 5 X 10-* 


* Ionic strength of 0 10 (NaCIO*) 

f These values are so small that only limiting values can be assigned 

For the slow reactions of the Ir(III) complexes, the reacting solutions in aluminum foil covered 
volumetric flasks, were kepun a thermostatic bath Aliquots of the solutions were removed at various 
times and the reaction was quenched by cooling to room temperature. The optical densities were 
determined for each aliquot. 

Both techniques gave good results. The data used for kinetic plots were those obtained after 
equilibrium temperature had been reached, which required about 10 min From the optical densities 
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i 

observed and the known initial concentrations and the molar absorbancy of the aquo and acetato 
species, it was possible to calculate the extent of reaction at various times. Fig. 2 shows that good 
first order plots of the data were obtained over a period of approximately one half-life. The values 
of k 0 b, have a precision of ±5 per cent or better. The absorption spectra of the reaction mixture of 




0 2 * 6 8 10 12 14 16 18 20 HR (ir) 

Fig. 2 —The rates of hydrolyses of [M(NH 3 ) 5 CHjCOO] ,+ . Temperatures: Co, 78-7°; 

Rh, 78 8 °, It, 79 9°. Acid concentration of 0 0197 M H + . 

[Rh(NH,) s CH 3 COO] + * at infinite time was the same as that of the corresponding aquo complex. 
Determinations for Co(IIl) and Rh(III) were made at three different temperatures in order to estimate 
the enthalpies and entropies of activation. Only two temperatures were used for the slowest reactions 
of the Ir(lll) complexes 

Oxygen -18 studies. The method used to determine the 18 0/ 15 0 ratio in the aquo product 
[Rh(NH,)jH,0] Br, was the same as that described by Anbar and Guttmann < m >. We are indebted 

<l,i M. Anbar and S. Guttmann, J. Appl. Had. Isotopes 5, 233 (1959). 
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to Professor H. Taube for permitting us to perform these experiments in his laboratory. We wish 
also to thank Mr, J. B. Hunt for his assistance with some of the experimental details. 

!The general procedure was to dissolve 02 g of [Rh(NH,) t (CH,COO)] (CIO,), in 10 ml of 
1 M HC)0„ of water of approximately 1-8 per cent oxygen-18, which was at 80“. After 20 mm. 
(±95 per cent reaction), the solution was transferred to a centrifuge tube contained in an ice-bath. 
The mixture was centrifuged and the mother liquor decanted from the crystalline solid. This was 
then dissolved in 7 ml of normal water and 5 ml of cone. HBr was added. The mixture was cooled 
in an ice-bath and then centrifuged. The bromide salt was collected and dried m a vacuum desiccator 
over CaCl, for 5 hr A yield of approximately 80 per cent was obtained The salt had the correct 
ultra-violet spectrum, bromide analysis and weight loss when heated at 100“ for the compound 
[Rh(NH,),H,0] Br,. In a control experiment the same procedure was followed starting with 0 2 g 
of [Rh(NH,) 6 H ! 0] (CIO,), 



[Hi 


Fig 3—Rates of hydrolyses of [M(NHJ s (RCOO)] +a vs. [H + ] at ~80“ and // =0 10 

RESULTS 

The observed rate constants k ot}a , for the hydrolyses of [M(NH 3 ) 5 (RCOO)] 2+ as a 
function of [H+] are given in Table 2. From plots of A' obs vs. [H+] as shown in Fig. 3, 
it is possible to estimate the uncatalysed rate constants, A: Hj0 , as well as the acid 
catalysed rate constants, k H + (see Equation 3). The apparent independence of the rate 
at low [H + ] reported in Reference (2) is not in disagreement with Fig. 3. The variation 
in rate expected is so small as to be within experimental error. The rate constants at 
various temperatures afe, also included in Table 2. Some of the values of fc H ,o are s0 
very small that only a rough approximation is possible. Similarly the k H + values for 
[M(NH 3 ) 6 (CF 2 COO)] 2+ of Co(III) and Rh(III) are only given as an order of magnitude. 
Table 3 contains the available enthalpies and entropies of activation. 
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Oxygen- 18 experiments show that the aquo product obtained by the hydrolysis of 
[Rh(NHa) t (CH s COO)] +2 has an 0 18 /0 16 ratio corresponding closely to that of the 
heavy water solvent. Under the same conditions there is complete water exchange 
with the complex [Rh(NH 3 ) s H 2 0f + . 


Table 3.—Heats and entropies of activation 


Complex 

*H,0 


*H + 


kcal/mole 

e u 

kcal/mole 

e u 

(Co(NH,)jCHjCOO]* + 

25 

- 8 

25 

+2 

[Cc(NH,),C(CH ,) s COO ] s+ 
[Co(NH 3 ) 6 CF,COO]*' 

26 

- 2 

26 

+ 6 

[Rh(NH,) 5 CH s COO ] ,+ 

— 

— 

23 

-4 

[Rh(N H 5 ) 6 C(CH j) a COO]* + 

— 

— 

23 

-6 

[Rh(NH,),CF,C001 ,+ 

25 

- 6 

— 

— 

[lr(NH,),CH»COO] 4+ 

— 

— 

25* 

-8 

[lr(NH a ) t CF s COO] s+ 

24 

-14 

14 

- 36 


* Calculated from rate constants at only two temperatures. 


DISCUSSION 

The results given in Table 1 and shown graphically in Fig. 3, demonstrate that the 

O 

II 

rates of hydrolysis of [(NH 3 ) 5 M—O—CR] 2+ complexes depend on the H+ concen¬ 
tration. Under the conditions of these experiments the observed pseudo first-order 
rate constant, k obB , is found to fit the two term expression 

^obs = ^H t o + ^n+[H' ] (3) 

where fc H|0 is the extrapolated rate constant for the uncatalysed rate and fc H + is the 
acid catalysed rate constant. This suggests that two reaction paths are involved and 
the results can be explained by the reactions 

O 

[(NH 3 ) 6 M—O—CRp -|- H a O [(NH 3 ) 6 M—OHJ 3 - + RCOO" (4) 

o o 

il * s H I! 

[(NH 3 ) 5 M-0—CR]*+ + H+ ^-7 [(NH 3 ) 8 M—O—CR] 3+ (5) 

O 

H II * 

[(NH^M—O—CR] 3 + + H 2 0 —U [(NH 3 ) 6 M—OHjJ^ + RCOOH (6) 

The same scheme was used to account for the acid catalysis of the replacement of 
monodentate ligands from other systems. (2 ' 3>4) This requires that the protonated 
species be more liable than if it were not protonated, that reaction (6) be faster than 
(4). Of course it must be noted that only at high acid concentrations will there be 
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enough of the pirotonated species for it to make an appreciable contribution to the 
overall rate of hydrolysis. Evidence for the protonation of [Co(NH 3 ) 6 CH 8 COO] 2 + 
was recently reported by Vl£ek. (17) 

The acid catalysis observed for the hydrolysis of these complexes containing mono- 
dentate carboxylate ligands is of interest with regards to the acid catalysed dissociation 
of certain metal chelates, e.g. [Fe(EDTA)} - and [Cr(C 2 0 4 ) a ] 3 ~ For such systems 
containing multidentate carboxylate ligands, it was suggested that the acid catalysis 
may be due to protonation of the freed carboxylate ion. (6 > 7 > 8) This in turn could 
prevent its returning to the metal and reclosmg the opened chelate ring. Kinetic 
evidence alone does not distinguish between this mechanism and an electrophilic 
attack by hydrogen ion on a coordinated carboxylate in the chelate, (7) as proposed in 
(5) and (6). It is not known which process is involved. However the electrophilic 
attack path is the only one available to systems containing monodentate carboxylate 
ligands. Thus this path may well be responsible for or at least make a contribution to 
the acid catalysed dissociation of certain metal chelates. 

Previous studies on various acetatopentamminecobalt(III) complexes showed that 
at low acid concentrations their rates of hydrolyses are almost independent of the stenc 
requirements of the carboxylate ligands, but the rates increase with decreasing base 
strength of the ligands anions (1) The present investigation was initiated m order to 
determine whether the analogous rhodium(III) and lndium(III) systems have the same 
behaviour. The values of k H 0 for the uncatalysed hydrolysis in Table 2 show that the 
rates for the acetate and pivalate complexes of Rh(lll) and Ir(lll) respectively seem 
to be of the same order of magnitude Furthermore they are approximately one or 
two orders of magnitude slower than the rates for the analogous trifluoracetate 
complexes. Unfortunately the rates are so small that the extrapolated values, except 
for the trifluoroacetate systems, can only be given to an order of magnitude. However 
the results do show that the Rh(III) and Ir(III) complexes follow the same general 
pattern as was observed previously for the complexes of Co(IIl). 

The values for the acid catalysed hydrolysis constants, A' u +, in Table 2 show again 
that the three metal systems seem to behave in a similar manner. In each case the rate 
decreases by a factor of approximately five in going from the acetate to the pivalate 
complexes, whereas a decrease of about twenty occurs in going from acetate to 
trifluoroacetate for the Co(IIl) and Rh(III) systems. The slower rate for the trifluoro- - 
acetate complexes can be explained in terms of a lower concentration of the protonated 
species. Thus equilibrium (5) is not so far to the right, due to the trifluoroacetate ion 
being the weakest base. Since pivalate ion is only a slightly stronger base than acetate 
ion, the slower rates of hydrolysis of the pivalate complexes are due to stenc effects 
It is not clear why the value of k n + for the trifluoroacetate complex of Ir(III) is larger 
than for the corresponding acetato complex. 

These complexes have at least a formal relationship to organic esters, the difference 
being that the pentamminemetal(III) in essence takes the place of the alkyl group 
derived from the alcohol m the ester. Various techniques have been used to demon- 

i° 

strate that in the acid hydrolysis of esters, acyl-oxygen bond cleavage, R—O CR. 

I 

* ln A. A. Vl6ek, Advances in the Chemistry of Coordination Compounds (Edited by S. Kirschner) 
pp. 590-603. Macmillan, New York (1961). 
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occurs instead of the alkyl-oxygen bond.' 181 With this formalism in mind, it is of 
interest to consider whether the hydrolysis of these complexes proceeds by metal- 
oxygen (7) or acyl-oxygen (8) bond fission. 

O O 

II II H,0 

[(NH a ) 5 M—O—CR] +S ^=i: [(NH s ) fi M.--O—CR]+ 2 ;^ n 

[(NH a ) 5 M—OHJ+ 8 + RCOOH (7) 

O 

!i H+ H H,0 

[(NH 8 ) 5 M—O—CR]+® 5=i: [(NH a ) 6 M—O-CR] +a 5 =^ 

II 

o 

[(NH s ) 5 M-OH 2 ]+ 8 + RCOOH (8) 

Bunton and Llewellyn* 19 ’ have performed oxygen-18 experiments, at low acid 
concentration (pH ~ 4), on the hydrolysis of the cobalt(III) complexes [Co(NH a ) 5 
RCOO] 2+ . Using oxygen-18 water as the solvent, they found no isotropic enrichment 
in the reaction product CH 3 COOH, but CF 3 COOH contained oxygen-18. For the 
acetato complex this establishes that the uncatalysed hydrolysis path (4) proceeds by 
metal-oxygen bond cleavage (7). The result for the tnfluoroacetato complex suggests 
acyl-oxygen bond fission. However this was somewhat inconclusive because under 
the same experimental conditions there is extensive oxygen exchange between 
CF 3 COOH and water. 

In an attempt to determine the position of bond rupture for the acid catalysed path 
( 6 ), oxygen-18 experiments were performed on [Rh(NH s ) s CH 3 COO] 3+ . Isotopic 
enrichment was found in the product [Rh(NH 3 ) 5 H 2 0] 3+ but under the same experi¬ 
mental conditions, water in this complex was observed to exchange with the solvent, 
Therefore the isotopic enrichment found does not provide information as to the 
position of bond fission during hydrolysis. That the rate of water exchange of the 
aquo complex is similar to the rate of acid catalysed hydrolysis of the acetato complex 
may at first seem unexpected. Since the protonated acetate ligand, CH s COOH, is a 
weaker base than H a O, it is expected to be replaced more readily than water. However 
one must remember that the concentration of the protonated acetato species (5) even 
in 1 M H + is small, whereas the aquo complex is present in 100 per cent concentration. 
No attempt was made to examine the oxygen-18 content of the hydrolysis product 
CH 3 COOH, because at these conditions of high acid concentration it would appear*® 0 ’ 
that there will be extensive oxygen exchange between acetic acid and water. 

Although appropriate oxygen-18 experiments have not yet been designed to 
establish the position of bond fission for the acid catalysed hydrolysis, the kinetic data 
in Table 2 provide some basis for speculation First it should be noted that the rates 
of reaction for complexes of these metals are generally known to decrease in the order 
Co(III) > Rh(III) > Ir(III). Thus the estimated 21 relative rates of hydrolysis for the 

1181 J Hine, Physical Organic Chemistry, Chap, 12. McGraw Hill, New York (1956) 

" 1 " C A. Bunton and D, R. Llewellyn, J Chem. Sac. 1692 (1953). 

l!<Ji I. Roberts and H, C Urey ,J. Amer. Chem Soc, 61, 2580 (1939); I. Roberts, J Chem Pkys 6, 

294(1938); M. L. Bender, R R Stone and R S Dewey, J. Amer. Chem Soc. 78, 319 (1956). 
11,1 F Basolo and R. G. Pearson, Mechanisms of Inorganic Reactions, pp. 121-122. J. Wiley, New 

York (1958). 
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complexes [M(NH s ) i Br]^ _ are 4,000:1000:1, respectively. This is definitely not the 
case for the acid catalysed hydrolysis of [M(NH a ) 5 RCOOP 4 ‘. The values of fc H + for 
corresponding Co(III) and Rh(III) complexes are very nearly the same and those for 
analogous Ir(III) systems are only about fifty times smaller. It is further important to 
note that this is also the case for the & H|0 values of the trifluoroacetato complexes. 
These results suggest an acyl-oxygen bond fission path in which the metal ion, one 
atom removed from the position of bond rupture, has a small effect. 

For a reaction path involving metal-oxygen bond cleavage, a larger effect of the 
metal ion on the rate of reaction is expected. On the basis of the available data (Table 
2 ), this appears to be the case for the water reaction, fc H! o, of the acetato and pivalato 
complexes. Such a result is in agreement with the oxygen- 18 experiments of Bunton 
and Llewellyn/ 1 ® 1 

Additional support that the acetato and pivalato complexes undergo uncatalysed 
hydrolysis by metal-oxygen bond cleavage is afforded by the observation that the 
k U ' 0 values for the two complexes of the same metal ion are approximately the same 
Instead some steric retardation is observed for the rates of acid catalysed hydrolysis, 
k u +, which appear to involve acyl-oxygen bond fission. These observations are 
consistent with the expected results, since the pivalato group offers essentially no steric 
hindrance at the metal ion but does hinder attack at the acyl carbon atom. 

That the hydrolyses of trifluoroacetato complexes may proceed by acyl-oxygen 
bond rupture was suggested earlier on the basis that the more positive acyl carbon 
atom is more susceptable to nucleophilic attack than it is in the corresponding acetato 
systems/ 1 * 1 Likewise a protonated acetato ligand contains a more positive acyl carbon 
atom than does the parent acetato group. This then may be responsible for the pre¬ 
ferred acyl-oxygen bond cleavage in the acid catalysed process 

Although the conclusions reached with regard to the position of bond rupture in 
these reactions are in accord with all of the present experimental facts, there is as yet 
no direct proof that these conclusions are correct. 

Acknowledgement —F M wishes to thank the Consiglio Nazionale delle Ricerche for a travel grant 
to return to the University of Rome. 
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the extraction of hydrochloric acid and some 

METAL CHLORIDES BY TRI-n-BUTOXYETHYL 
PHOSPHATE* 

M, HalpernI, T. Kim and N, C. Li 
Duquesne University, Pittsburgh 19, Pa 

( Received 8 January 1962, in revised form 23 April 1962) 

Abstract-—The physical chemistry of the extraction of HC1 from aqueous solution by tributoxyethyl 
phosphate (TBEP) has been studied. In addiuon to the conventional distribution and water content 
determination, physical-chemical measurements of electrical conductivity, density and viscosity of the 
organic layer were carried out. The results indicate the formation of a monosolvate, HC1 TBEP. 
The extraction of chlorides of Zn ,+ , ln ,+ and Cr ,+ from aqueous hydrochloric acid into undiluted 
TBEP and into mixtures of TBEP and benzene has been studied using radioactive tracers. The extrac¬ 
tion behaviour of TBEP has been compared with that of tri-n-butyl phosphate. 

The extraction of HC1 and of several metal chlorides by tri-n-butyl phosphate (TBP) 
has been studied by several investigators.* 1-61 Since tri-n-butoxyethyl phosphate, 
(C 4 H 9 OC 2 H 4 0) 3 Po, (TBEP), differs from TBP in possessing additional ether linkages, 
it was thought of interest to study the extraction behaviour of TBEP and compare it 
with that of TBP. This paper presents the results obtained. 

EXPERIMENTAL 

Materials. High activity U4 In, ,5 Zn and M Cr were obtained from Oak Ridge National Laboratory 
in the form of indium, zinc and chromic chloride, respectively, each in hydrochloric acid solution A 
sample of pure TBEP was obtained from the Food Machinery and Chemical Corp , as a gift. 

Procedure. The swelling of the TBEP phase, due to the solubility of aqueous hydrochloric acid in 
it, was measured by introducing 5 ml of both aqueous solution and TBEP into 10 ml graduated (OT ml) 
centrifuge tubes, in the manner described by Kertes' 11 . It was shown by separate experiments that 
15 min shaking periods were sufficient to establish equilibrium The room temperature was 20 ± 2° 
and the effect of temperature within this range was within the error of the determinations The acid 
contents in the aqueous and TBEP phases were also determined in the manner previously described' 11 

Density, viscosity and electrical conductivity of the TBEP layers were measured in the usual 
manner in a thermostat at 25°. Water determinations in the TBEP layers were carried out by means 
of Karl Fischer reagent' 11 

Kertes and Haepern"*’ have demonstrated the hydrolytic degradation of TBP in the presence of 
hydrochloric acid, and we have observed the same phenomenon for TBEP For this reason, all solvent 
equilibrations were made immediately prior to use 

In studies on the extraction of In(lll), Cr(IIl) and Zn(II)-chloride, the aqueous phase normally was 
prepared to contain metal ion (radioisotope) in concentration of the order of 10 _J M and vaiying 
concentrations of hydrochloric acid The organic phase was either undiluted TBEP or TBEP dis¬ 
solved in benzene In order to eliminate the volume change, the organic phase was pre-equilibrated 
with an equal volume of the aqueous solution to be used, without the radioisotope. In carrying out 

* This investigation was supported by U.S Atomic Energy Commission through Contract No. 
AT (30-0-1922. 

t On leave of absence from the Department of Inorganic and Analytical Chemistry, The Hebrew 
University, Jerusalem, Israel 

111 A. S. Kertes, J. Inorg Nucl Chem 14, 104 (1960) 

E Hesford and H A. C McKay, J Inorg. Nucl. Chem 13, 156 (1960). 

1,1 H Irving Bind D. N Eddington, J. Inorg Nucl. Chem. 10, 306 (1959). 

111 D F Peppard, G. W. Mason and M V Gergel, J Inorg Nucl Chem 3, 370 (1957). 

D- F Peppard, G. W. Mason and J. L. Maier, J Inorg. Nucl. Chem. 3, 215 (1956). 

1,1 A. S Kertes and M. Halpern, J. Inorg Nucl Chem 16, 308 (1961). 
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the experiment, 5 ml of the aqueous and organic phases were mixed, shaken mechanically for 15 mm, 
and then centrifuged. Aliquots of both phases were removed, and the activity of the metal in each 
phase was measured with a y- ray scintillation well counter in the manner described by White et aim 
The distribution coefficient K a , is defined by the equation 




total M concn. in organic phase 
total M concn. in aqueous phase 


( 1 ) 


RESULTS 


(A) Distribution of hydrochloric acid 

Table 1 shows the molar concentrations of hydrochloric acid in the initial aqueous 
solutions, and in the equilibrium aqueous and TBEP layers. For solutions no. 1-4, 
inclusive, a plot of log (HC1) TBEP vs. log (HCl) aq is linear, with a slope close to unity. 

Table 1.—The distribution of HC1 between aqueous and undiluted TBEP as a function 

OF THE ACID CONCENTRATION IN THE INITIAL AQUEOUS SOLUTION. INITIAL PHASE VOLUMES 

5 ml (12-8 mmole TBEP) 


Molarity of HC1 

- Extracted into 


No. of 
soln 

Initial 

aqueous 

soln 

Equil 

aqueous 

phase 

Equil 

TBEP 

phase 

Swelling of 
the TBEP phase, 
(ml) 

the organic 
phase (mmole) 
HCI H,0 

1 

0104 

0109 

0 005 

0 35 

0-03 

21-6 

2 

0 203 

0-216 

0-008 

0 35 

004 

18-9 

3 

0 502 

0 529 

0 025 

0-35 

0 14 

22 8 

4 

1 009 

1-051 

0-057 

0 35 

0 30 

22 1 

5 

2033 

2 033 

0-203 

0 35 

109 

24 1 

6 

3 040 

2 924 

0 433 

0-40 

2 34 

29-1 

7 

4 047 

3 843 

0-735 

0 50 

404 

31 9 

8 

5-078 

4 685 

1-116 

0 65 

6 31 

43 0 

9 

6 061 

5 544 

1 593 

100 

9-56 

52 1 

10 

7-096 

6 394 

2-092 

1 35 

13 28 

61 2 

11 

8057 

7 230 

2-724 

1-95 

18-93 

87 4 

12 

8 616 

7-461 

3-116 

2-15 

22 28 


13 

9 092 

7-897 

3-695 

260 

28 08 

118 1 

14 

9 540 

8 156 

3 992 

300 

31 93 


15 

10-090 

8 445 

4-465 

3 90 

39 74 

152 4 

16 

10 418 

8 723 

4 768 

4-00 

42 91 



This is expected if we consider the equilibrium 

H +C1- = H+C1-TBEP (2) 

and indicates that when HCi in the TBEP layer is below 0-05 M, it is appreciably 
ionized. 

Fig. 1, curves 1, 2, 3, show the variation in density, viscosity and conductivity of 
the organic layer, respectively, with the mmoles of HCI extracted into undiluted TBEP 
(initial phase volumes, 5 ml). For each curve there is one intersection, at approxi¬ 
mately 12-8 mmole of HCI in the organic phase. Since the total amount of TBEP 
in 5 ml corresponds to 12.8 mmoles of the ester (neglecting the extremely low 
solubility in water, (XT per cent),, the break therefore may be ascribed to the for¬ 
mation of a mono-solvate, HC1-TBEP. 


<” J. M. White, P. Kelly and N. C. Li, J Inorg. Noel Chem 16, 337 (1961). 
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Numerical values for the distribution of water in TBEP are given in the last 
column of Table 1. Initially, about 1£ mmoles of water are associated with each 
mmole of TBEP. Beginning with solution no. 5, a plot of the extracted H s O vs. the 
extracted HC1, both in mmoles, is almost linear, with a slope approaching four. This 
indicates that each hydrochloric acid molecule is accompanied by four water molecules 
on passing from the aqueous phase into TBEP. ' 11 , 



Fig 1 —Density, viscosity, specific conductance of the equilibrium organic phases as a 
function of their HC1 content 

(B) Extraction of metal chlorides into TBEP 

Table 2 summarizes the results obtained with extraction of 1]4 lnCI s , 86 ZnCl 2 and 
51 CrCl a by undiluted TBEP from aqueous hydrochloric acid solutions. For Cr(III), 
it was necessary to use HC1 solutions above 5 M, because at lower acidities K d becomes 
too small to measure. 

Table 2 —Extraction with undiluted TBEP 


/aqueous 


u *In 

,s Zn 

“Cr 

1 069 M 

0-058 M 

1 19 

4 48 


1260 

0 073 

1 66 

5 50 


1 446 

0 097 

2 43 

9 45 


1 655 

0 126 

3 43 

11 51 


1-830 

0 162 

4 60 

20 19 


1 957 

0 182 

5-76 

19-73 


5-204 

1 439 



0 008 

6 238 

1 951 



0 012 

6-933 

2711 



0 019 

7 686 

3 412 



0-027 

8-258 

4 140 



0-050 
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Several experiments were carried out in which the acidity of the equilibrium 
aqueous phase was kept constant, and the organic phase consisted of solutions of 
TBEP in benzene of varying concentrations. The results obtained for Zn(II) and In(IlI) 
are summarized in Table 3. 


Table. 3.—Extraction of metal ions by solutions of 
TBEP in benzene of different concentration at 
constant acidity in the aqueous phase 


Concn of TBEP 
in benzene, M 




1 M HCI (aq ) 
« s Zn u ‘ln 

2 M HCI (aq ) 
es Zn 114 ln 

0 509 

001 

000 

0 02 

000 

0 764 

0 03 

000 

009 

0 01 

1018 

0 07 

001 

0 25 

0 05 

1 273 

0 13 

003 

0 56 

0 15 

1 528 

0 29 

0 08 

1 05 

044 

1 783 

0 56 

0 19 


1 24 


Plots of log X d vs. log (TBEP) ln benzeEe , at constant 1 M and 2 M HC1 in the 
aqueous phase, yield straight lines with the same slope 3-1, for Zn(II) We would like 
to propose as a mechanism of extraction the following equation. 

M M+ Cl n ~ + 3TBEP = MC1„-3TBEP + 3H+C1- (3) 

At constant acidity in the aqueous phase and using tracer level of metal. Equation (3) 
suggests that K d would be proportional to the third power of the concentration of 
TBEP in benzene The data of Table 3 for Zn(II) therefore support the proposed 
mechanism of extraction. Corresponding plots for the extraction of ln(III), at 
constant 1 M and 2 M HC1 in the aqueous phase, yield straight lines of slope which is 
closer to five. No explanation for the unusually high slope for indium can be given at 
present. 

From the data of Table 2, it can be seen that in order to obtain measurable values 
of K d for Cr(III) and to obtain the variation of K d for Cr with concentration of TBEP 
in benzene, at constant equilibrium acidity in the aqueous phase, it would be advan¬ 
tageous to work with about 8 M HC1 solutions. Table 1 shows that below 2 M HCI ~ 
the initial aqueous and the equilibrium aqueous phase hydrochloric acid concentrations 
are approximately the same, whereas they deviate at higher acidities. Hence, m order 
to maintain the acidity of the equilibrium aqueous phase constant at 8-0 M HCI while 
varying the concentration of TBEP in benzene, it is necessary to know which initial 
aqueous solution to use. A series of experiments were therefore carried out in the high 
acid region for the purpose of determining the relationship between initial aqueous 
acid and equilibrium aqueous acid concentrations for a given concentration of TBEP 
in benzene. The results are shown in Fig. 2, from which one can determine the initial 
HCI concentration required to give an equilibrium aqueous phase HCI concentration 
of 8-0, for a given TBEP concentration in benzene. Fig. 3 is a plot of log K d vs. log 
(TBEP) in benzene at a constant equilibrium aqueous acid content of 8 0 M HCI 
The slope is 3-0, indicating that the mechanism of extraction of Cr(III) is the same as 
that represented by Equation (3). 






Initial aqueous HCl concentration, 


Fig. 2 —Equilibrium aqueous HC1 concentration vs. initial aqueous HC1 concentration 
for the following TBEP concentrations in benzene: 1, 102M, 2, 127M; 3, 1-53 M; 

4,1 78 M, 5.2 04M. 



lOfl (TBEP| n b lnl#ot 

Fig 3 —Log-log plot of K a for Cr(III) vs. molarity of TBEP in benzene, at constant 
equilibrium aqueous hydrochloric acid concentration of 8 0 M. 
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DISCUSSION 

At aqueous phase acidities up to 1 M HC1, the behaviour of the aqueous HCiTBEP 
system is very similar to that of the aqueous HC1-TBP system. In this region 
the water content of the organic phase remains practically unchanged, with a 
H a O/TBEP ratio of about 1-5 (the H s O/TBP ratio is 1 -O' 1 - 31 ). The HC1 species in the 
TBEP phase is appreciably ionized, and this is found to be the case for aqueous 
HC1-TBP (1) and aqueous HCl-ether. <8) The systems have a common feature in 
that they all involve oxygen-donor solvents. The swelling of the TBEP phase is 
equal to the swelling caused by its equilibration with water, and there is little change 
in the physical chemical properties of the organic layer. 

When the acidity of the equilibrium aqueous phase lies in the region 2 M to 8 M, 
the extraction of one mole of HC1 into TBEP is accompanied by four moles of water 
A hydration number of four in aqueous solution of mineral acids has been found and 
discussed by several authors. (9>10) Kertes and Halpern (1) observed the same phe¬ 
nomenon of TBP, except that when the acidity of the equilibrium aqueous phase goes 
above 6 M, the amount of water in the organic phase becomes constant, the H a O/TBP 
ratio being 3 0. They find two species (TBP) 2 -HC1-(H 2 0) 6 , (I) and TBP HC1-(H,0) 3 , 
(IJ) and postulate the reaction 

(Dors + H a( + 4- Cl aq - = 2 (I1W (4) 

For the aqueous HC1-TBEP system, wehavefound only the mono-solvate, HCITBEP, 
and there is no evidence of the disolvate, HC1-2TBEP. It will be noted also that the 
swelling of the organic phase is much greater for TBEP than for TBP. Thus, starting 
with initial phase volumes of 5 ml, a change in the equilibrium aqueous acidity from 
5-5 M to 8-7 M, produces an increase in volume of the TBEP phase from 1-0 to 4-0 ml 
(see Table 1), whereas the corresponding increase in volume of the TBP phase is only 
from 0-9 to 1-3 ml (1) 

Tables 2 and 3 show that in the acidity region 1 M to 2 M, Zn 2f is extracted more 
readily by TBEP than In s+ . This may appear surprising; however, it is in line with 
the results for TBP. The extraction of the chlorides of Zn 2+ and Jn 3+ from aqueous 
hydrochloric acid into TBEP has been studied using radioactive tracers. (3) When the 
acidity in the aqueous phase is above 2 M, the distribution coefficient of In s+ is greater 
than that of Zn 2+ , but the reverse is true in solutions less acid than 2 M. Moreover, 
Zn 2 > is extracted by TBP much more readily than the other divalent metals. Thus at 
an acid strength of 310 M 3 , the values of K d for Ni 2+ , Mn 2+ , Co 2+ and Zn*+ are 0 0030. 
0 014. 0-0055 and 34-22 respectively 

Table 2 also shows that Cr 34- is much less extractable by TBEP than In 3+ Since 
there is considerable variations in the values of K d of the divalent metal ions using TBP 
as extractant, it perhaps is not surprising to see considerable variations among the 
trivalent metal ions when TBEP is used as extractant. Some challenging problems of 
interpretation are thus presented. 

191 D E. Chalky and R J P Williams, J Chem. Soc. 1920 (1955) 

1,1 K N. Bascombe and R P Bell, Disc Faraday Soc 24, 158 (1957) 

(l »> I Nelidov and R M_ Diamond, J Phys Chem 59 , 710(1955). 
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SOLVENT EXTRACTION STUDIES OF THIOCYANATE 
COMPLEX OF THE LANTHANIDES 

H. Yoshida 1 ’ 

Japan Atomic Energy Research Institute, 

Tokai, Ibaraki, Japan 

(Received 22 March 1962) 

Abstract-—The extraction behaviours of thiocyanate complex of the lanthanides have been studied for 
the system M s+ /NH 1 SCN/TBP/diluent. The distribution ratios have been measured as a function of 
pH, temperature, NH,SCN and TBP concentration The distribution ratios of the lanthanides de¬ 
crease with mcrease of hydrogen ton in the aqueous phase because of the extraction of thiocyanate ion 
into the organic phase. The composition of europium thiocyanate complex extracted into the organic 
phase is probably Eu (SCN),(TBP), under the conditions studied. The extraction sequence as a func¬ 
tion of the atomic number is compared with the ion exchange sequence for all the lanthanides except 
Pm 

In contrast to the extensive studies concerning the solvent extraction of the lanthanides 
from their mineral acid solutions, 11 - 2 * little has been published of other ion association 
extraction systems Recent advances in solvent extraction suggest that the difference 
in the solvation energy of anion in water and organic solvent may be one of the impor¬ 
tant factors for the partition of salt between water and organic solvent. Considering 
only hydration energy of the anion, a high partition of thiocyanate complex is expected 
because of the specially low hydration energy of thiocyanate ion. 

Although the ion exchange behaviour of the lanthanides in thiocyanate solution 
has been reported by Surls, Jr , (3) mechanism of solvent extraction of the lanthanides 
in thiocyanate solution is not known. 

Only for practical purposes, Appleton and Selwood' 1 * studied on the separation of 
some of the lanthanides based on the slightly different solubilities of their thiocyanates 
in butanol. 

In the present paper, the tri-n-butyl phosphate (TBP) extraction of thiocyanate 
complex of the lanthanides has been studied. The effect of the following factors on the 
distribution ratios of the lanthanides is described. the concentrations of H N H 4 SCN 
and TBP, temperature and diluent in the organic phase. The distribution of HSCN as 
a function of pH and TBP concentration was also investigated. From the results 
obtained, the composition of the extracted species is discussed. 

EXPERIMENTAL 

Reagents 

Purification of TBP was carried out by washing three times with 0 2 N HNO,, 0 2 N NaOH and 
water, respectively Then, the TBP phase was distilled under vacuum, the fraction of b p 118-123°C 
at about O'l mm Hg being used. All the isotopes except 16i+U4 Eu were obtained by neutron irradia¬ 
tion of the spectrographically pure oxides (from Johnson, Matthey) in JRR-1 Reactor. “* +1M Eu was 
supplied by the Radiochemical Centre, Amersham These radioactive isotopes were tested for radio¬ 
chemical purities by means of half-life measurement or y-ray pulse height analysis. 

111 F H Spedding and A. H. Daane, The rare earths pp 38-54 J. Wiley, New York (1961) 

P. C. Stevenson and W. E Nervik, NAS-NS-3020 pp 86-113 (1961). 

'"J P Surls, Jr. UCRL-3209 (1956). 

<4) D. B. Appleton and P W. Selwood, J Amer, Chem Soc 63, 2029 (1941) 
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All other materials used were of analytical grade and suitable purifications were carried out when 
necessary. 

Measurements 

Determination of the distribution ratio (D). The experiments were carried out by equilibrating 
10 ml of the aqueous phase with 10 ml of the organic phase (TBP diluted with kerosene), the former 
contained 10 ’ mole of the lanthanides labelled with the corresponding radioactive isotopes and 



Fig 1 —Variation of D lu with pH (Initial concentration of NH„SCN 2-0 M) 

various concentrations of NH 4 SCN Although an equilibrium was attained in less than 1 min , 
shaking was usually continued for 3 min Unless otherwise stated, all equilibrium experiments were 
carried out at 25 4 0 2°C in a thermostat After centrifuging, two phases were separated and the 
radioactivity of each phase was measured with a -/-ray scintillation counter. 

Determination of pH. The pH of the aqueous phase was roughly adjusted to the expected value by 
addition of dilute HC1 or NH t OH solution Precise measurements were made with a glass electrode 
pH meter after an equilibrium of the two phases was attained 

RESULTS AND DISCUSSION 


Variation of i> Ku with pH 

Two series of results obtained at various pH values but at constant TBP and 
NH 4 SCN concentrations are shown in Fig. 1. In these experiments, aqueous phases 
containing Eu and Nft 4 SCN(2-0 M) were adjusted to various pH values by addition 
ofrjHCl or NH 4 OH solution before extraction. As the pH values increased slightly 
after extraction, the points plotted in Fig. 1 were obtained just after an equilibrium of 
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the two phases was attained. Z> Eu increases markedly with increasing pH value. When 
the extractions were carried out by 1-85 M TBP (2-0 M NH 4 SCN). was greater 
than 10 8 over the range of 4-8 pH. 

Variation of D acs ~ with pH and TBP concentration 

As shown in Fig. 1, hydrogen ion seems to take part in the extraction. However, 
as will be discussed later, the extraction reaction is independent of the concentration 
of hydrogen ion in the aqueous phase. The role of hydrogen ion in the extraction 
system was investigated by distribution studies of thiocyanate ion as a function of pH 
and TBP concentration. Table 1 shows thiocyanate ion is extracted into the organic 

Table 1 —Extraction of thiocyanate ion by 
TBP (initial concentrations of NH.SCN and 
TBP are 2 0 M and 0 37 M, respectively, 

VOLUME RATIO =1/1) 


pH* 

NH 4 SCN* (M) 


Aqueous 

Organic 

Total 

0 96 

1 69 

0 24 

1-93 

1 43 

1 78 

019 

1 97 

1 98 

1 86 

Oil 

1 97 

3 03 

200 

0 02 

2 02 

5 70 

200 

000 

200 


* Equilibrium values 


phase in the low pH range. The variation of Z) SCN _ with TBP concentration over the 
range of 0-15—0-93 M TBP is shown in Fig. 2. In this experiment, although the initial 
concentration of hydrogen ion in the aqueous phase was held constant, the 
equilibrium concentration in the aqueous phase decreased with the increase of 
TBP concentration because of the extraction of acid into the organic phase. In order 



Fig. 2, — TBP dependency for NH 4 SCN/TBP/Kerosene system 
(Initial concentration of NH 4 SCN 2 0 M) 
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to obtain the result of logarithmic plot of D acN ~ vs. TBP concentration at constant 
equilibrium acidity, D acs ~ obtained at various acidities was calculated by correction 
fob this effect. The result gives a slope of one, indicating the extracted species to be 
HSCN • TBP. 

Variation of D Eu with temperature 

The effect of temperature (5-40°C) on £> Etl was studied at constant NH 4 SCN 
(2*0 M) and TBP (0-37 M) concentrations. A separatory funnel containing the solution 
was placed in a thermostat for about 30 mm., then shaken for 3 min. The results are 
shown in Fig. 3. Measurements of the equilibrium concentration of NH 4 SCN and pH 
in the aqueous phase were carried out also. The results indicated that a small amount 
of thiocyanate ion was extracted into the organic phase at low temperature 



Fia 3 —Variation of £> Eu with temperature (Initial concentrations of NH,SCN and 
TBP are 2 0 M and 0 37 M, respectively Equilibrium pH 2 6-3 0) 

Variation of D Bu with the nature of the diluent 

Variation of Z> Eu with the nature of the diluent in the organic phase was studied 
at constant TBP (0'37 M) and NH 4 SCN (2-0 M) concentrations. Table 2 gives 
some representative extraction data for various diluents, in addition to the dielectric 
constants of the solvents and solubilities of water in solvents. Cyclohexane, hexane 
and kerosene give the nearly same value of Z) Eu , however, carbon tetrachloride, ben¬ 
zene and chloroform cause a considerable decrease of 2> Eu . The decrease of extract- 
ability with the increase of diluent concentration is shown in Fig. 4. It is seen in 
Table 2 that the smaller the dielectric constants of solvents and the solubilities of water 
in pure solvents, the higher the distribution ratio of europium. 

" Although it is difficult to correlate the extractability to the nature of the diluent, 
the effect of diluent may be due to the diluent structure and to the dipole interaction 
between the complex and the diluent. 
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Table 2. —Extraction of Eu by TBP in various diluents (initial concen¬ 
trations OF NHiSCN and TBP are 2 0 M and 0 37 M, respectively. 

ACETATE BUFFER, EQUILIBRIUM pH VALUE IS ABOUT 4) 


Diluent 


Solvent 

dielectric 

constant* 1 ” 

Solubility of 
H s O per 100 g 
of solvent 1 ” 

Cyclohexane 

184 

2 02 ' 

001 

n-Hexane 

1-75 

189 

001 

Kerosene 

1 72 


ca. 0 004 

Xylene 

0035 

23 

003 

Carbon tetrachloride 

0 021 

2-24 

0 011 

Benzene 

0 002 

2 28 

0054 

o-Dichloro benzene 

0 002 

9 93 

Almost insoluble 

Chloroform 

<0 001 

4-81 

0072 

Dichloromethane 

<0 001 

9 08 

0198 

Cyclohexanol 

0 466 

150 

11 27 

Methyl isobutyl ketone 

0073 

13 1 

37 

Butyl acetate 

0 037 

50 

24 


Attention has been given to the above notion recently by other workers. (7-8, The 
characteristic behaviours of diluents are useful in the practical separation of some 
metals. For example, the lanthanides were separated completely from thorium by 
this extraction system using benzene or carbon tetrachloride as diluent tl0) 

Variation of Z) Ku with NH 4 SCN and TBP concentration 

Variation of D lAl with the concentration of NH 4 SCN from 0 05 to 4 0 M at the 
TBP concentrations of 019. 0-37 and 1-85 M was studied. As shown m Fig. 5, the 
slopes of the logarithmic plot of Z) Ku vs NH 4 SCN concentration were 3-2, 2-9 and 3-0 
for 0 19, 0-37 and 1-85 M TBP, respectively. These results indicate that three moles of 
SCN~ are associated with each europium ion under these conditions 

The variation of Z) Ku with TBP concentration from 0-15 M to 111 M TBP at 
2 0 M NH 4 SCN is shown in Fig. 6 The plot has a slope of four over a wide range of 
TBP concentrations, indicating that four moles of TBP are associated with the 
extracted species. 

Variation of the distribution ratios of lanthanum, europium and ytterbium 
with NH 4 SCN and TBP concentrations 

The distribution ratios of lanthanum, europium and ytterbium at various NH 4 SCN 
and TBP concentrations are given in Table 3. The pH values of the aqueous phase 
after an equilibrium were 4-2-5 2. The separation factor (ratio of distribution ratios 
of the elements) is almost independent of NH 4 SCN concentration over the range 0-5- 
4 0 M, but it increases gradually as the concentration of TBP is decreased, from 1 -85 

161 A. Weissberger and S Proskauer, Technique of Organic Chemistry, Vol 8, Organic Solvents 
(2nd Ed ) Interscience, New York (1955) 

Seidell, Solubilities of organic compounds (3rd Ed.) Van Nostrand, New York (1941) 

,71 M Taube, J. Inorg. Nucl. Chem. 12, 174 (1959) 

T. V Healy,/ Inorg. Nucl Chem 19, 328 (1961) 

1,1 N Suzuki and T Wakabayashi Presented at the 10th Annual Meeting of the Japan Society for 
Analytical Chemistry, October, 1961. 

,lM H. Yoshida Paper in preparation 
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TBP (M) 

Fig. 6.—TBP dependency m Eu/NH 4 SCN/TBP/kerosene system (Initial concentration 
of NHjSCN 2 0 M, equilibrium pH 4 0) 


Table 3.— Separation factors for La, Eu and Yb as a function of NH t SCN and TBP concen¬ 
tration (equilibrium pH 4-2-5-2) 


Concentration 

(M) 

Distribution ratio 

Separation factor* 

nh 4 scn 

TBP 

La 

Eu 

Yb 

Eu/La 

Yb/Eu 

Yb/La 

0 5 

1 85 

4 52 

122 

16 1 

2-69 

1-32 

3-56 

03 

1 85 

1 41 

4 69 

4-93 

3-33 

1 05 

3 49 

02 

1 85 

0 74 

1 77 

340 

2 39 

1-92 

4 59 

30 

0-370 

3 96 

11 2 

15-7 

2-83 

1 40 

3-96 

20 

0 370 

0 96 

260 

4 79 

2 72 

1 83 

4-99 

1 0 

1 370 

0 095 

0 375 

0 71 

3 88 

1 92 

7-47 

40 

0 185 

0-565 

2 02 

5-83 

3-58 

2 89 

10 3 

30 

0 185 

0213 

0 887 

2 14 

4 16 

2-41 

10-0 

2-0 

0 185 

0 030 

0 202 

0 33 

6 78 

1-63 

11-1 

40 

0 148 

0 202 

0 773 

2 19 

3 83 

2 83 

10-8 


* Ratio of distribution ratios of the elements. 


to 015 M. Relatively high separation factors as well as high distribution ratios were 
obtained at low TBP and high NH 4 SCN concentrations. 

Extraction sequence of the lanthanides as a function of atomic number 

The distribution ratios of all the lanthanides except Pm were measured at 3-0 M 
NH 4 SCN and 0-19 M TBP. The experiments were carried out three times for each 
element. In Fig. 7, the distribution ratios obtained are compared with the elution 
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sequence of the lanthanides with 2 M NH 4 SCN and 10 M LiCl from Dowex-1 anion 
exchange resin. It is observed that the extraction order does not follow the progressive 
order of the atomic number, and the disorder obtained is nearly analogous to that 
found for the elution sequence of the lanthanides with 2 M NH 4 SCN or 10 M LiCl 
from Dowex-1 anion exchange resin. 



Fig 7 —Ion exchange and solvent extraction sequence of the lanthanides as a function 

of atomic number 

I Solvent extraction—NH,SCN/TBP/kerosene system Initial concentrations of 
NH 4 SCN and TBP are 3 0 M and 0 19 M, respectively Equilibrium pH 4 0 
II. Ion exchange resin—Elutions with2 M NH 4 SCN from Dowex-1,8 % DVB at 33 C 131 
III Ion exchange resin—Elutions with 10 M LiCl from Dowex-1,8 % DVB at 87°C I3,,3) . 

GENERAL DISCUSSION 

Solvent extraction experiments with a tracer concentration of europium indicated 
that three thiocyanate ions and four TBP molecules are associated with each europium 
ion in the organic phase of the Eu 3 + /NH 4 SCN/TBP/diluent system. When extraction 
was carried out in a relatively high acidity range, D Eu decreased because of the extrac¬ 
tion of thiocyanate ion into the TBP phase according to the following equation. 

H+ + SCN- + TBPs± HSCN TBP 

If D Bi) in a high acidity range is corrected for this effect, i> Eu is independent of hydrogen 
ion in the aqueous phase. This indicates that the mechanism of extraction of europium 
under the conditions investigated is represented as follows, even in a relatively high 
acidity range. 


Eu 3+ + 3 SCN- + 4TBP^Eu(SCN) 3 (TBP ) 4 

Equilibrium constant for the above equation obtained at 1 -98 M NH 4 SCN and 0-37 M 
TBP (pH = 4-50) is 27-5. 

The distribution ratios of the lanthanides increases with the atomic number asa whole, 
although the increase of the distribution ratios is not continuous. In general, the sta¬ 
bility of complexes of the lanthanides formed with small ionic ligands, highly charged 
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unidentate ligands, or with multidcntate ligands increases as the size of the metal ion 
decreases. The sequence of stability constants La < — < Gd < —Lu(III) has been 
established with many ligands. However, the reverse trend of extractability has been 
observed for the extraction system of the lanthanides/HC10 4 /TBP. lu> This is probably 
due to the weak complex-forming tendency of the perchlorate ion. In the perchlorate 
extraction system, dehydration energy of the metal ion may be a more important factor 
for the partition of the metal between the aqueous and the organic phase. Also, the 
disorder of the extractability observed in the extraction system of the lanthanides/ 
NH jSCN/TBP/diluent is probably due to the disorder of the dehydration energy of 
the lanthanides. 

Acknowledgements —The author wishes to express his thanks to Dr. K. Motojima for his advice and 
to Drs K Naito and H Natsume for their useful discussions. 
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THE EXTRACTION OF URANIUM (VI) FROM 
SULPHURIC ACID SOLUTIONS BY 
TRI-n-DODECYLAMINE 

Taichi Sato 

Government Chemical Industrial Research Institute, Honmachi, Shibuya-ku, Tokyo, Japan 
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Abstract—The partition of uranium (VI) between sulphuric acid solutions and solutions of tri-n- 
dodecylamme (TDA) m benzene has been investigated by varying the sulphuric acid concentration, 
aqueous uranium concentration, solvent concentration and temperature, the extraction of sulphuric 
and by TDA in benzene has also been examined Infra-red spectra have been obtained of the organic 
solutions involved 

The mechanism of uranium extraction is discussed in the light of these results. 

High molecular weight amines in organic diluents have recently been used to extract 
various metal ions from acidic aqueous solutions. In particular they play an important 
role in the solvent extraction of uranium from sulphuric acid solutions, and the extrac¬ 
tion of uranium from acid solutions by various amines has therefore been studied by 
several investigators ; 111 however, observations on the extraction mechanism are few. <2) 
The present study was therefore made to obtain information on the mechanism of 
extraction of uranium (VI) from sulphuric acid solution by tri-n-dodecylamine (TDA). 

EXPERIMENTAL 

TDA was supplied by the Kao Soap Co , Ltd Extractions were carried out by the following pro¬ 
cedure- 20 ml each of TDA solution diluted with benzene and uranyl sulphate solution containing 
sulphuric acid were placed in 50 ml stoppered conical flasks and shaken for 10 min m a water bath 
thermostated at the required temperature Uranium in the organic phase was then back-extracted 
with 1 N hydrochloric acid solution, and the partition coefficient was determined. Uranium was 
determined gravimetncally <al 

The acidity of the organic phases was determined as follows 2 ml samples of the equilibrated 
organic phase were added to 25 ml of 75 per cent ethyl alcohol, which was then titrated with 0-05 N 
sodium hydroxide solution, using phenolphthalein as indicator. 

For infra-red measurements the organic phase, after separation from the aqueous phase, was 
placed in a cell with thallium halide windows and the spectrum was determined using a Shimazu 
infra-red type recording spectrophotometer equipped with sodium chloride prisms. Spectra were 
determined relative to benzene as reference or, in wavelength regions where the presence of TDA 
caused a change in the spectrum, relative to 0 1 M TDA in benzene. 

RESULTS AND DISCUSSION 
Extraction of sulphuric acid 

In order to investigate the reaction between benzene solutions of TDA and aqueous 
sulphuric acid solutions, the solution of 0-1 M TDA in benzene was shaken with 
sulphuric acid solutions of various concentrations at 20°C, and the acidities of the 

111 Eg , C. F Coleman, K B. Brown, J G Moore and K A Allen, Proceedings of the Second 

United Nations International Conference on the Peaceful Uses of Atomic Energy, Geneva , 1958, 

Vol. 28, p. 278, United Nations (1958), C. F. Coleman, K. B Brown, J. G. Moore and D J. 

Crouse, Industr. Engng. Chem , 50, 1756 (1958). 

1,1 E.g., K. A. Allen, J Amer, Chem. Soc. 80, 4133 (1958); W.J. McDowELLandC F. Baes, J.Phys. 

Chem. 62, 777 (1958), Ch Boirie, Bull. Soc Chim. France 1088 (1958). 

<al T. Sato, J. Inorg. Nucl Chem. 6, 334, (1958) 
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organic phases were checked. The extraction of sulphuric acid from 0-5 and 02 M 
sulphuric acid solutions by solutions of TDA in benzene was also examined at differ¬ 
ent TDA concentrations. 

Fig.l shows that the organic phase acidity increases linearly with increasing initial 
aqueous acidity below ~O05 M, but its increase is more gradual above this concen¬ 
tration. Fig. 2 shows that the slopes of log (sulphuric acid distribution ratio) vs. log 
(initial TDA concentration) are very nearly unity. From these results we infer that 



Initial aqueous sulphuric ocid concentration, M 

Fig 1 —Equilibrium acidity of organic solutions (0 1 M TDA in benzene) shaken with 
sulphuric acid solutions of various concentrations 


the amine sulphate is first formed and additional acid is then extracted to form the 
amine bisulphate, i.e. 

H 2 S0 4 (a) + 2R 3 N(o)5 ±(R 3 NH),S0 4 (o) (1) 

(R 3 NH) 2 S0 4 (o) + H 2 S0 4 (a):e± 2(R 3 NH)HS0 4 (o) (2) 

where R represents C 12 H 25 , (a) and (o) are indicative of aqueous and organic phases 
respectively. 

Variation of uranium concentration 

Uranium (VI) was extracted into 0 1M TDA in benzene at 20°C, the concentrations . 
of uranyl sulphate in the aqueous phase being varied between 1 and 25 g/1. Fig. 3 
shows that when uranmm(Vl) is extracted from sulphuric acid solutions of varying 
acidity, the partition coefficient at first rises steeply, passes through a maximum and 
then falls markedly again. The maximum partition coefficient appears at ~0-05 M 
initial sulphuric acid concentration for the extraction from 5 g/1 uranyl sulphate, and 
becomes indeterminate for extractions from 12 5 and 25 g/1 uranyl sulphate The 
shape of the curve may be interpreted as follows, at low acidities the increase in the 
partition coefficient arises from the formation of a uranium-amine sulphate complex, 
while at higher acidities the decrease in the partition coefficient is attributed either to 
competition between uranium and sulphuric acid for association with the amine or to 
the formation of Jess readily extracted complexes. <4) 

If the results shown in Fig. 3 are plotted to show the variation of the organic phase 
uranium concentration as a function of the initial aqueous uranium concentration at 
<•> D. J. Carswell and J. J. Lawrance, J Inorg Nucl Chem. il, 69 (1959). 
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constant sulphuric acid concentration, it is seen that the organic phase uranium 
concentration attains an equilibrium value (^-0-025 M) for the extraction of uranium 
from the sulphuric acid solution in the initial concentration range between 0-05 and 
0-3 M. This suggests that four amine molecules are associated with each uranium ion 
at these sulphuric acid concentrations. 

Solvent dependence 

The extraction of 5 g/1 uranyl sulphate containing sulphuric acid was carried out 
with solutions of TDA in benzene at 20 °C and varying sulphuric acid concentrations. 



Fig. 2 —Variation of the distribution ratio of sulphuric acid with amine concentration 
for the extraction of sulphuric acid solution by TDA in benzene (O and A refer to 
0 5 and 2 0 M sulphuric acid solutions respectively) 

Fig. 4 shows that although the maximum partition coefficient appears at ~005 M 
initial acidity for >0-05 M [TDA], the maximum is indistinct for [TDA] <0-03 M. 

In order to clarify the solvent dependence at higher acidities, values of log E h ° were 
plotted vs. log (C A — nC v \ m which £ a ° is the partition coefficient, C A is the total 
amine concentration, C v is the organic phase uranium concentration, and n is an 
association number (n = 4 at constant sulphuric acid concentration). Fig. 5 shows 
that although the slopes have different values at the different acid concentrations (2-1 
in 0-5 M H 2 S0 4 , 1-6 in 1-0 M H 2 S0 4 , 1-0 in 2-0 M H 2 S0 4 ), the partition coefficients vary 
linearly with the concentration of the amine which is present as the bisulphate form 
uncomplexed with uranium. The slope decreases with increasing sulphuric acid 
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concentration because of the decreased uranium loading. These curves indicate that 
each uranium ion is associated with four amine molecules at higher acidities also. 

At low acidities however, a fraction of the amine which is not complexed with ura¬ 
nium is present as the free amine. Valuesof C^and C A werethereforedeterminedatO Ol 
and 0-02 M sulphuric acid concentrations and are plotted in Fig. 6. This shows tha 



Fig 5.— Solvent dependence of partition coefficient for the extraction of uranium(Vl) 
from sulphuric acid solutions of higher acidities by TDA m benzene (values of log 
vs log (C A —4C;j) at 0 5 (a), 10 (O) and 2 0 (V) M sulphuric acid) 

the organic phase concentration increases linearly with increasing initial amine concen¬ 
tration below ~0-02 M amine in 0 01 M H 2 S0 4 or 0-04 M in 0 02 M H 2 S0 4 , but the 
increase in the organic phase concentration is less above these amine concentration. 
This suggests that when the aqueous sulphuric acid concentration is too low, the 
concentration of the available amine which is present as the sulphate is restricted by 
the aqueous phase acidity. In such a case, the value of the association number is 
presumably less than four, increasing with the aqueous acidity to four at 0 05 M initial 
sulphuric acid concentration. 

Variation of temperature 

Extractions of uranyl sulphate solutions containing 0-02 and 10 M sulphuric acid 
were carried out with 01 M TDA in benzene at temperatures between 10 and 50°C. 
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Fig. 7 shows that although the partition coefficient decreases with rising temperature, 
the decrease is greater for extraction from 1-0 M sulphuric acid than from 0-02 M acid. 

Infra-red spectral study 

Extractions from 5 and 25 g/1. uranyl sulphate solutions containing sulphuric acid 
at various concentrations were made with 0-1 M TDA in benzene at 20°C, and the 
organic phases were examined by infra-red spectroscopy. In the same way the organic 
solutions were examined from the extraction of sulphuric acid solutions in the absence 
of uranium. The results are shown in Figs. 8 and 9. 



Fig 6.—Organic phase uranium concentration plotted against total amine concentra¬ 
tion for the extraction of uranium (VI) from sulphuric acid solutions at low acidities by 
TDA in benzene (A and O denote 0 01 and 0 02 M sulphuric acid respectively). 



■c .Temperoture, “C 

Fig. 7 — Effect of temperature upon the extraction of uranium (VI) from sulphuric acid 
solution by 0-1 M TDA m benzene (A and O represent the sulphuric acid concentra¬ 
tions of 0 02 and 1 0 M respectively). 
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Frequency, M 

Fig 8 —Infra-red spectra of organic solutions from the extraction of sulphuric acid 
solutions with 0 1 M TDA in benzene (figures on curves are sulphuric acid concentra¬ 
tions, M). 

In the extraction of sulphuric acid, the following results were observed (Fig. 8) 
with increasing acidity 

(i) for 0 02 M sulphuric acid, the bands assigned to sulphate ion vibratlons (5 ■® , were 
observed at 1120 (shoulder), 1095 ~ 1030 (strong and broad) and 970 cm -1 
(weak); 

(n) for 0 05 M sulphuric acid, the above bands were more intense, and wereaccom- 
panied by weak absorption bands at 1240, 1150, 1055 and 850 cm -1 which are 
assigned to the vibrations of the bisulphate ion; <6,6) 

(ni) for 0-5 and 2-0 M sulphuric acid, the bands due to the bisulphate ion show a 
progressive increase in intensity, whereas those of the sulphate ion become 
weaker. 

F A. Miller and C. FI Wilkins, Analyt Chem 24, 1253 (1952). 

G E Walrafen and D. M Dodd, Trans. Faraday Soc 57, 1286 (1961). 
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Fig. 9 —Infra-red spectra of organic solutions from the extraction of uranyl sulphate 
solutions containing sulphuric acid of various concentrations with 01M TDA m 
benzene (figures on curves are sulphuric acid concentrations, M). 

(a) 5 g/1 uranyl sulphate 

(b) 25 g/1 uranyl sulphate 


It follows, therefore, that when sulphuric acid solutions are extracted by TDA m 
benzene the following sequence occurs: 

(a) at low acidities, the amine sulphate is formed according to the reaction (1), and 

(b) at higher acidities, the amine bisulphate is formed according to reaction (2). 
The spectra of the solvent phases from the extraction of uranyl sulphate at an 

initial aqueous concentration of 5 g/1 in sulphuric acid solutions of varying acidity 
(Fig.9a) show the following bands; 

(1) for 0 02 M sulphuric acid, 1235 (strong), 1125 (strong), 1110 (shoulder), 995 
(medium), 950 (medium) and 905 cm -1 (medium); 

(2) for 0-05 M sulphuric acid, the above bands appear with increased intensity, the 



increase being roughly proportional to the increase in the amount of uranium 
in the organic phase (from 0-012 to 0-014 M). 

Besides the band at 950 cm -1 , assigned to the asymmetric stretching frequency 
of the uranyl group/ 71 some or all of the remaining bands may be assigned to 
the vibrational frequencies of the sulphate group, indicating a lower symmetry 
(C 3v or C tv )* than the sulphate ion (7^) due to covalent bonding to the uranyl 
ion. These bands are therefore characteristic of the amine-uranyl sulphate 
complex formed by extraction of uranyl sulphate; 

(3) for 0-5 M sulphuric acid, bands due to the bisulphate ion appear in addition to 
the absorption bands of the amine-uranyl sulphate complex; 

(4) for 2-0 M sulphuric acid, the absorption bands are mainly due to the bisulphate 
ion, in agreement with the amount of uranium in the organic phase (~0-005M), 
indicating that uranyl sulphate is displaced from the amine complex by the 
bisulphate ion. 

The spectra of the solvent phases from the extraction of aqueous solutions con¬ 
taining 25 g/1 of uranyl sulphate (Fig. 9b) show stronger absorption bands due to the 
amine-uranyl sulphate complex for initial aqueous acidities of 0-02, 0-05 and 0-5 M 
sulphuric acid, consistent with the higher concentration of uranium in the solvent 
phases compared with the previous solutions (~0-02, 0 025 and 0 023 M respectively). 
At 2 0 M sulphuric acid in the aqueous phase, however, strong absorption bands due 
to the bisulphate ion are present in the spectrum superimposed on weaker bands of 
the amine-uranyl sulphate complex, in agreement with the lower uranium concentration 
in the solvent phase (~ 0 - 01 1 M). This again indicates that bisulphate ion is displacing 
the uranyl sulphate from the amine complex, although at a higher acidity than before 
due to the increased concentration of uranium in the aqueous phase. The absence of 
bands due to either sulphate ion or bisulphate ion vibrations for 0- 5 ~0-02 M sulphuric 
acid is in agreement with the 4 1 ratio of amine to uranyl sulphate in the complex, 
since if this were not so these ions would be extracted by the excess amine. 

Confirmation was obtained for the formula of the amine-uranyl sulphate complex 
as follows. The solvent phase from the extraction by 0-1 M TDA in benzene of 25 g/1 
uranyl sulphate in 0 0 5 M sulphuric acid solution was analysed, since the data obtained 
indicate that this solution is •—'100 per cent pure complex (0-025 M uranium and 0-1 M 
TDA). The organic phase was found to contain uranium, sulphate, amine and water 
in the proportions 1.3:4.3f, indicating the stoicheiometry of the amme-uranyl sul¬ 
phate complex to be (RjNH^UO^SO^OH^g, i.e. [(R 3 NH) 2 S0 4 ] 2 -U0 2 S0 4 (0H 2 ) 3 . 

From the above results therefore, the extraction of uramum(Vl) from sulphuric 
acid solution by TDA may be expressed as follows: 

(a) at low acidities 

U0 2 S0 4 (a) + 2(R 3 NH) 2 S0 4 (o) (R 3 NH) 4 U0 2 (S0 4 ) 3 (o), (3) 

and (b) at high acidities 

U0 2 S0 4 (a) + 4(R 3 NH)HS0 4 (o) s± (R 3 NH) 4 U0 2 (S0 4 ) s (o) + 2H 2 S0 4 (a). (4) 

* In comparison with the spectrum of solid uranyl sulphate determined by the Nujol mull method, 
the bonding of the ligand was expected to be bidentate rather than unidentate. 

t Water determination was made by Karl Fischer titration 

E g., B M. Gatehouse and A. E Comyns, J. Chem Soc 3965 (1958); G L. Caldow, A B. Van 

Cleave and R. L. Eager, Canad. J . Chem. 38, 772 (1960) 


1276 


T. Sato 


Accepting the assumptions that the amine bisulphate is not formed in the extraction 
of uranium from 002 M sulphuric acid by TDA in benzene, and that the amine which 
is not complexed with uranium is present as the bisulphate for the extraction of uranium 
from 10M sulphuric acid, the heats of reaction (change in enthalpy) in equation (3) and 
(4) were estimated from the data in Fig. 7 to be 1*75 kcal/mole for 0-02 M H 2 S0 4 and 
9-13 kcal/mole for 1-0 M H 2 S0 4 . Since these values are close to the values for the 
energy of hydrogen bonding, <8) the nature of the bonding in the organic phase is 
considered to be analogous to that of latter. However, as the heat of extraction of 
uranium by TDA in benzene from 1-0 M sulphuric acid is greater than that from 0-02 M 
sulphuric acid solution, the bond of the uranium bearing complex in the former case 
may be stronger than that in the latter. 
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AN INFRA-RED AND ISOPIESTIC INVESTIGATION OF 
THE INTERACTION BETWEEN DI(2-ETHYLHEXYL) 
PHOSPHORIC ACID AND TRI-N-OCTYLPHOSPHINE , 
OXIDE IN OCTANE* 

H. T. Baker+ and C. F. Baes, Jr. 

Oak Ridge National Laboratory, Oak Ridge, Tennessee and Texas Woman’s 
University, Denton, Texas 

(Received 28 February 1962, in revised form 26 April 1962) 

Abstract —Upon the addition of tri-n-octylphosphine oxide (R,PO), B, to di(2-ethylhexyl)phosphoric 
acid ((RO),PO,H). A, in octane the intensity of the phosphoryl band of A at 1232 cm -1 is decreased 
and a new band at ca 1275 cm" 1 appears Detailed study of this change by Job’s method of con¬ 
tinuous variation and by the addition of B to solutions m which the total concentration of A is held 
constant has suggested the reactions' B + iA 2 — AB, Q 2 — 25 ± 5 M”l; B T A, ~ A,B, Q, 
= 100 ± 50 M 1 (The unreacted dialkylphosphoric acid is present as a dimer A, in octane solution) 
The shift in the phosphoryl band of A is consistent with H-bonded structures for A», AJJ and AB. 
lsopiestic results appear consistent with these reactions 

The extraction of uranium( VI) by a dialkylphosphoric acid [(R0) 2 P0 2 H] in the presence 
of increasing amounts of a neutral additive such as a trialkylphosphate [(RO) 3 PO], a 
phosphonate [(RO) 2 RPO], a phosphinate [RO(R) 2 PO], or a phosphine oxide (R s PO) 
is characterized by an initial “synergistic” increase in extraction coefficient, followed 
by a decrease / 11 From this behaviour it has been assumed that at least two equilibria 
involving the neutral additive occur: one leads to the formation of a mixed complex, 
U0 2 A a B,„ involving uranyl ion, the dialkylphosphoric acid, A and the neutral additive 
B, the other is a competing interaction between the dialkylphosphoric acid and the 
neutral additive which leads to the formation of the A^ species. Attempts have been 
made to deduce the nature of the mixed complex or complexes formed from extraction 
behaviour, <1,2) but such cannot be considered conclusive until the nature of the com¬ 
peting interaction between A and B has been more fully investigated. The nature and 
the extent of this interaction may especially be important in explaining the highly 
specific character of the synergistic effect in alkylphosphoric acid-neutral phosphate 
systems, wherein it evidently occurs only m the extraction of M0 2 2+ actinide ions by 
dialkylphosphoric acids. Recently Healy <3) has reported that when the acidic reagent 
is thenoyl trifluorocetone synergism is quite general, a number of divalent, trivalent and 
one tetravalent ion showing strongly enhanced extraction in the presence of various 
neutral organophosphate reagents. An obvious difference between the two systems is 
that TTA apparently does not show as marked an interaction with B. 

* Presented in preliminary form at the 134th Meeting of the American Chemical Society, Chicago, 
September, 1958 

t Summer research participant with the Oak Ridge National Laboratory 1957 and 1958, sponsored 
by the Oak Ridge Institute of Nuclear Studies, Chemistry Department, Texas Woman’s University, 
Denton, Texas. 

I Operated by Union Carbide Corporation for the U.S Atomic Energy Commission 
" C A. Blake, D. E Horner and J M Schmitt, ORNL-2259, Oak Ridge (1959) 

D Dyrssen and L. Kuca, Acta Chem Scand. 14, 1945 (1960). 

1,1 T. V. Healy, J Inorg Nucl Chem 19, 314, 328 (1961) 
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The interaction between a dialkylphosphoric acid and a neutral organophosphor¬ 
ous extractant is expected to occur through hydrogen bonding of the acidic ^)POH to 

the phosphoryl oxygen of the neutral extractant. Since the acid is usually present as a 
hydrogen-bonded dimer, M_e) one possible reaction is 


O—HO 

/ \ \ 

i(RO) a P P(OR) s + -;p ^ o 

\ / 

OH—O 


o 


(RO) 2 P^ 

\ 


OH O 


( 1 ) 


From measurements of the distribution of di(n-butyl)phosphonc acid to aqueous 
solutions with added TBP in the organic phase, Dyrssen and Hay !4) and Hardy and 
Scargill' 6 ' found evidence for the formation of this product AB. From their results 
the equilibrium quotient for the above reaction is 0-4 in carbon tetrachloride (4) and 
0-9 in kerosene. <5) 

In the present study, infra-red measurements in the region of phosphoryl stretching 
(1190-1300 cm -1 ) were used to examine the nature and extent of such interaction 
between di(2-ethylhexyl)phosphonc acid (DEPA) A and tn(n-octyl)phosphme oxide 
(TOPO) B in n-octane solution. Previously reported isopiestic measurements in this 
solvent'” have shown that A is dimeric, and that activity coefficients of both A a and 
B decrease appreciably with increasing concentration. Whether or not this non-ideal 
behaviour of the separate reactants is caused by specific chemical effects (i.e., partial 
trimenzation of A and partial dimerization of B), it may be dealt with adequately here 
by considering the effect of estimated y ki and y B variations on the interaction equi¬ 
libria between A 2 and B. 

EXPERIMENTAL 

1. Reqgents The preparation of tri-n-octylphosphine oxide 181 involved the reaction of POC1, 
with excess Grignard reagent, oxidation by dilute neutral permanganate solution at room temperature, 
treatment with activated alumina, and alkaline extraction It was purified with special care, the final 
stage of purification involving repeated recrystallization from petroleum ether The product contained 
<0-07 per cent free and combined acid (as di-octylphosphimc and dioctylphosphinous acids) 
Analysis gave; C 74 9, P 7 85, H 13 2, O 4 05% (by difference) The calculated values arc 74 55, “ 
8-01, 13-30 and 4-14%, respectively. The di-(2-ethylhexyI)phosphoric acid reagent was prepared by 
purification of “Tergitol” Wetting Agent P-28,* a commercially available aqueous solution of sodium 
di-(2-ethylhexyl)-phosphate The final product used was 99 5 per cent dioctyl phosphoric acid 
containing 0 1 per cent mono-octyl phosphoric acid by potentiometnc titration with standard sodium 
hydroxide The remaining principal impurities were probably 2-ethylhexanol and the tri-octyl- 
phosphate ester Their effect on the infra-red results is expected to be less than the experimental 
uncertainty. The solvent, n-octane, was obtained from the Phillips Petroleum Company, (pure grade, 
99 mole per cent minimum) and used without further purification All experimental solutions were 
prepared by weight just prior to use. 

* The purification method involves scrubbing of the impure sodium salt with petroleum ether 
followed by acidification with hydrochloric acid and extraction of the dialkyl-phosphoric acid into 
petroleum ether. 

<»> D. Dyrssen and LextOiiet Hay, Asia Chem. Scand 14 , 1091 (1960). 

<•* C. J. Hardy and D. Scargill, J. Inorg Nucl Chem. 11 , 128 (1959) 

<•> C. F. Baes, Jr , R. A. Zingaro and C. F, Coleman, J Phys. Chem. 62, 129 (1958) 

<’> C. F. Baes, Jr., J Phys Chem. 66, 1629 (1962) 

«•' W. T. Rainey and J. M Schmitt, ORNL-2399, pp 7-9, Oak Ridge (1957). 
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2. Infra-red measurements. Measurements of the infra-recLspectra pf the n-octane solutions of the 
di( 2 -ethylhexyl)phosphoric acid and tri-n-octylphosphine oxide were made at 22° ± 1®C with a 
Per Ians Elmer Corporation Model 112 Serial 2 single beam, double pass infra-red instrument with a 
calcium fluoride prism. The instrument was calibrated by using the CO, trough at 2348-6 cm 1 and 
the H,0 peak of 1436-7 cm - *. 

Measurements were made alternately on solution samples and solvent in calcium fluoride cells, 
usually of ca. 0-1 mm path length The absorbancies of solutions relative to the pure solvent were 
corrected for the usually small effect of replacing part of the solvent by solute as follows ' 



in which D, is the corrected solute absorbancy; £>, is observed solution absorbancy vs. pure solvent; 

is absorbancy of pure solvent vs an empty cell; c is the volume per cent of solvent present in sample. 

3 Isopiestic measurements The isopiestic apparatus, incorporating many of the features intro¬ 
duced by Scatchard et a/. 1 ” has already been described 1,1 It contams a mechanism, operated 
through a bellows, for covering and uncovering the sample cups while the apparatus ■$ sealed 

It was observed in preliminary runs on octane solutions,*’ 1 using the out-gassing procedure 
previously described,that the time required for isopiestic equilibrium to be reached was generally 
longer than for hexane solutions and was extremely variable It was concluded that the distillation 
rate was critically dependent on the partial pressure of air in the apparatus, the rate being greatly 
decreased by higher air pressures Accordingly a more thorough out-gassing procedure was adopted. 

RESULTS AND DISCUSSION 

1. Infra-red measurements. Initial infra-red measurements were made on mixtures 
of di(2-ethylhexyl)phosphoric acid, A and tri(n-butyl)phosphate, TBP. The results 
(presented in the upper portion of Fig. 1) were rather disappointing in that they gave 
little evidence of the interaction which, from the uranium(VI) extraction properties of 
such mixtures, was thought to have occurred. In contrast, the subsequent measure¬ 
ments on mixtures of A and tri(n-octyl)phosphine oxide B (shown in the lower portion 
of Fig. 1) not only gave clear evidence of interaction but also indicated the reason for 
the observed small effect in the case of A-TBP mixtures. It is seen that in mixtures of 
A and B a new absorption band has appeared with a peak at 1275 cm -1 . This band 
probably arises from the non-hydrogen bonded phosphoryl group in A (cf. reaction 
(])). The appearance of this band in A-TBP mixtures would be masked by the disap¬ 
pearance of the TBP band (also associated with a (—0) 3 P —*• 0 group) in the same 
region. Similarly, the disappearance of the H-bonded A band (at 1232 cm -1 ) would be 
masked by appearance of the H-bonded TBP band. Because the phosphoryl band of 
the phosphine oxide lies at a lower frequency (< 1200 cm -1 ) than that of A, pronounced 
spectral changes occur in A-B mixtures permitting a reasonably quantitative study of 
the interaction equilibria involved, 

These wavelength assignments are generally consistent with the recent observations 
of Kennedy and Deane 1101 on DEPA and TOPO in carbon tetrachloride. They assign 
a 1169, 1195 cm -1 peak (mostly below the range of the present measurements) to 
P -*■ O stretching in TOPO, a 1231 cm -1 peak to (H-bonded) P —*■ O stretching in 
DEPA, and a 1267 cm 1 peak to P —*■ O stretching (presumably non H-bonded) in 
mixtures of the two compounds. 

Absorbancy measurements next were made on separate solutions of A and B to 
test Beer’s law for each reactant. Results (Table 1) at three wave numbers in the range 
1221-1227 cm -1 (near the H-bonded phosphoryl peak of A) and at three wave numbers 
m the range 1268-1285 enr 1 (near the free phosphoryl peak of A) showed no detect¬ 
able dissociation of the A dimer m the range 0-1-0-001 M A. At the lowest concentra- 

” G. Scatchard, W J. Hamer and S. E Wood, J Amer. Chem Soc. 60, 3061 (1938). 

U " 1 J. Kennedy and A M Deane, J Inorg Nucl Chem 19,174(1961) 
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Fig. 1 —Infra-red spectra in the region of phosphoryl stretching DEPA, TBP, and 
TOPO are, respectively, di(2-ethylhexyl)phosphoric acid, tri(n-butyl)phosphate, and 
tri(n-octyl)phosphine oxide. All solutes are 0 5m in octane The broken curves are cal¬ 
culated spectra for mixtures assuring no interaction between the acidic and neutral 

reagents 

tion, 7 X 10~* M A 2 , it is estimated that less than 10% of the dimer was dissociated 
This corresponds to an association constant for the dimer >3 x 10*, which is consist¬ 
ent with previous estimates in the range 10 s —10 7 for DBP tn non polar solvents <4,ri1 
This however, does not rule out the possible further association of A suggested by the 
previously reported isopiestic results since such presumably would not change the 
H-bonded state of the phosphoryl group. Results for B solutions (0-01-0-37 M) at 
1192-1198 cm -1 also showed Beer’s Law behaviour. 

Job’s method of continuous variations was next applied to mixtures of A and B 
In accordance with this method the total concentration of the A dimer C Aj plus C B was 
held constant, and the difference D between the observed absorbancy and that calcu¬ 
lated assuming no interaction between A and B was determined as a function of the 
ratio C B /(C A + C B ). *If only one interaction product is formed the resulting D vs 
Wa, + C B ) plot chould have a maximum in the absolute value of D (which may be 
either positive or negative) at a ratio of C Aj to C It corresponding to the stoicheiometry 
of the interaction product. The resulting curves are presented in Fig. 2 for C Aj + C v 
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Table 1.—Test of Beer's law for depa(a) and topo(b) solutions in n-octane 


/r 

DjC A at 1221- 

-1229 cm- 1 

X»/C B at 1192-1198 an- 1 


0-45 nun path 

0-11 mm path 

C 

0-45 mm path 

0 00145 

15 1* 

— 

0-0109 

1-778° 

205 

16-2 

— 

159 

1-761 

309 

15-9 

— 

209 

1-744 i 

399 

15 8 

— 

296 

1-713 

512 

15-8 

— 

493 

1-750 

819 

160 

— 

707 

1-746 

992 

16 2 

3-79 b 

992 

1-711 

2030 

158 

3-83 

1490 

1-749 

5000 

— 

3 81 

2000 

1-737 

0 10180 

— 

3 79 

0-3670 

1-673 

Average 

15 9 

3 81 


1736 

Std. Deviation 

±2-2% 

±0-5% 


±15% 


Each of these values is the average of measurements at 2 or 3 different wave numbers (a, b; 
1221, 1224,1229 cm -1 : c; 1193, 1196 cm -1 ) which overlapped because of band width (a, 8-3 cm -1 ; 
b, 4 2 cm -1 , c, 5-6 cm -1 ) Standard deviations from Beer’s Law for individual sets of measurements 
were a, 1 7-4%, b, 0 5-1 %, c, 2 and 3 7% 


-01 M and 0 2 M. In each case both the appearance of the 1275 cm -1 band 
(giving positive D values) and the disappearance of the 1232 cm -1 band of A (giving 
negative D values) was followed at the two sets of three wavelengths used in the 
Beer’s Law measurements. The data points plotted are averaged absorbancies for 
each set of three wavelengths. The appearance plots and the disappearance plots have 
very nearly the same shape, showinga maximum nearC B /(C Aj 4- C B )= |(i.e., C B /C A = 

1) This is in agreement with the formation of an interaction product AB predicted by 
reaction (1) above. However, the observed results are not quite consistent with the 
formation of AB alone The discrepancy is indicated by the dashed curve which 
has been calculated assuming the formation of AB only, taking the formation 
quotient Q t = [AB]/[A 2 ] J (B] to be 25 M -i and choosing an appropriate absorbancy 
parameter in the equation* 

D = aJAB] 

For a more detailed examination of the interaction between A and B the dependence 
of D on C I( was determined at the same sets of three wavelengths with C Aj held constant 
at 0-025 M and at 0-05 M. Again the resulting plots were virtually the same for the 
appearance of the 1275 cm -1 band and the disappearance of the 1232 cm -1 band, the 
ratio of the two averaged D values varying little more than was expected from the 
experimental error. The results are plotted in Fig. 3. 

* The calculated absorbancy, D c , assuming no interaction between 4, and B is 

D, = Oa s Ca 8 + a B C s 

(where o Aj and a B are molar extinction coefficients) If one interaction product AB is formed, then 
the observed absorbancy, Z>», is 

Do = Cab [-45] + o As [4 a ] + Cb [5] 

Noting that C Aj = [4J -f i[AB] and C B = (£] + [AB], the difference, D *= D c — D e is 

D = (c B - icA, - «b )1AB] 

The quantity in parenthesis is designated a,. 
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As in the previous continuous variation results, these results could not he accounted 
for adequately assuming only the formation of AB. The discrepancy is indicated by 
curves in the upper part of Fig. 3 labelled Q t = 0 which have been calculated, as 
previously, assuming the formation quotient of AB to be 25 M - *. Variation in the 
choice of Q x did not improve the fit. The choice of a x does not enter this comparison 
since in Fig. 3 the log of [AB] is compared with log D. 



Fig 2—Continuous variation results □, £>(1221-1229 cm ') and ■, D (1268-1285 
cm -1 ) are averaged values of the difference between the observed absorbancy and the 
calculated absorbancy (assuming no reaction between DEPA dimer A, and TOPO B) 

The vertical bars indicate the range of deviation of the individual D values (normalized 
to the average) from the average value For curve I, C i2 -\ C B = 0 1 M, for curve 
It. Ca, + C B = 0-2 M The dashed curve represents predicted variation of D if only 
AB is formed (Qi = 25 M-i/Z; C Aj + C B = 0 2 M). 

Of course Q 1 is not expected to remain constant since the activity coefficients of the 
A dimer and of B are known to fall with increasing concentration. 171 However, in 
these measurements tjie activity coefficient product y A *y n which appears in the 
relation between Q L and the formation constant K x were found in trial calculations 
not to vary widely 


Qi = XiYAtV&lyKH 
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since as y B decreases with increasing [B], y Aj increases with decreasing [A,]. Further, 
the product (where Q x was calculated directly from the observed D values, 

assuming a reasonable a t value) was estimated and plotted vs. the calculated concen¬ 
tration of AB. Since QilynVA* = Ki /^ab. the resulting plots of 0-05 M A* and 
0 025 M A* should have been superimposed in a single smooth curve representing the 
variation of y AB with [AB]. However the two plots differed widely; both showed 
maxima at QIya^Yb = 45-55, but at different values of [AB], then fell sharply to 
values of 20 at 0-05 m [AB] in one case and at 0-1 M [AB] in the other. While variation 



Fig 3 —Comparison of calculated values of [A,B] + [AB](curves) with normalized 
difference (points) between observed absorbancy and calculated absorbancy assuming 
no reaction between A, and B: O. C A , = 0 05; 0, C A , = 0 025 In the upper plots 
Q, = 25 and Q t was varied from 0 to 200 as indicated In the lower plots Q t = 100 
and Ci was varied from 15 to 40 as indicated. 

in the adjustable parameter a x and in the activity coefficients (within the uncertainty 
of the original estimates'”) alters the curve, the agreement between the two is not 
materially improved, 

The lack of consistency of the results with the formation of AB alone suggests that 
in addition to AB at least one other product is formed. Indeed, this is to be expected 
when it is noted that the formation of AB requires the rupture of both hydrogen bonds 
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of the A dimer; an intermediate product A 2 B could be formed upon the rupture of a 
single H-bond in the A 2 dimer. 

O • • • HO O • • • HO 

S \ / \ 

(RO) a P P(OR) s + R S P - 0 ^ (RO) 2 P P(OXOR) 2 

\ ✓ \ ( 2 ) 

OH • • • O OH 

O *- PR 3 

The results were accordingly re-examined in terms of the formation of A 2 B as well as 
AB. With these interaction products the expression for D becomes (13 > 

D = nJAB] + a 2 [A 2 B] 

so that the two additional parameters (a 2 and Q 2 ) are now involved. From the proposed 
structures of AB and A 2 B, however, 0 X and a 2 are expected to be about equal,* so that 
in treating the results the relation involving only one additional parameter, Q 2 , was 
used. 

D = u([AB] + [A 2 B]) 

That = a 2 is indicated by the near proportionality of the D values in the two 
regions as a function of C B /(C Aj + C B ) in Fig. 2 and as a function C„ at constant C A . 

Trial values of Q, and Q 2 were chosen and [A 2 B] + [AB] (which should be propor¬ 
tional to D) was calculated, assuming for the moment that the formation quotients 
could be treated as constants. In Fig. 3 two senes of log ([A 2 B] 4- [AB]) vs C B curves 
are compared with log D sv, C B . The set of curves in the lower half of the figure show 
the effect of varying Q x holding Q 2 constant at 100, the best fit being for Q x —2 5 In 
the upper half of the figure is shown the effect of varying Q 2 while holding Q t constant 
at 25, the best value of Q 2 being ca. 100. As expected the fit is less sensitive to the 
choice of Q 2 than it is for Q v It is important to note that for each set of these latter 
curves there is a cross-over point. This means that if one repeated the calculation 
choosing Q x constant at 15 or 40, the fit to the data in this region would be poorer 

Choosing the values Q 1 = 25, Q 2 = 100, the effect of possible variations in the 
activity coefficients y A and y B was next tested Curves corresponding to those in 
Fig. 3 were calculated introducing the estimated y Aj and y B values/ 7 ' The resulting 
curves were found to be very nearly the same shape as previously, except that they 
were shifted uniformly downward. The experimental data could be superimposed 

* Using the same procedure as previously (see footnote on page 7) it may be readily shown that 
D = ( a iB - ia Aj - o b )[ABJ + (a AjB ~ a A , - o b ){A,B] 

*-v- * ^-—- v - ' 

a i a % 

It it is assumed in the region (1232 cm ‘) of H-bonded A phosphoryl stretching that a A u , a a 2 lt and 
a A , (all molar extinction coefficients) are proportional to the number of H-bonded A phosphoryl 
groups in AB (0), A,B (1) and A, (2), then 

~ <>l = (“AB — 0 Aj b + iU-Aj) — 0 

Similarly, if it is assumed ?h the region (1275 cirr 1 ) of free A phosphoryl stretching that oab . «a 2 h and 
“a, are proportional to the number of free phosphoryl groups in AB (1), A S B (1) and A, (0), then 
Oi — a, is also 0. The fact that the two peaks (arising from H-bonded and non-H-bonded phosphoryl 
stretching overlap does not alter the conclusion that a t = a t , provided the shapes and positions of the 
peaks are independent of the species m which the bonded or unbonded A phosphoryl group occurs 


f'ft 
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on the new curves simply by increasing a from 59 to 63 M -1 .' It is concluded therefore 
that the results can be adequately accounted for by the two products AB and A 2 B with 


Qi = = 25 ± 5 M~* 




[A 2 ]UB] 

[A 2 B] 


[A] [B] 


= 100 ± 50M- 1 


Table 2 —Isopiestic measurements on depa(a)-topo(b) mixtures in octane at 
25°C (all concentrations in molality) 


Reference solution 


Test solution 


w R 


m r 



ms, + m B 


= 0 



0 0548* 

0 06 

0 

0 914 c 

0 0910* 

0 10 

0 

0’910 c 

01278* 

014 

0 

0 913 C 


m kJ m % ----- 0 

5 


0 0793* 

0 0731 

0 0352 

0 751 

0 1820” 

1 1545 

0 0777 

0 784 


W1 B /'«Aj - 1 

0 


0 0794* 

0 0629 

0 0641 

0 625 

0 0932* 

0 0691 

0 0691 

0 674 

01631 ” 

01143 

0 1142 

0 714 


">b/"'a 2 = 1 

5 


0 0932* 

0 0577 

00864 

0 649 

01449” 

0 0835 

0 1251 

0 695 

01932” 

0 1141 

0 1709 

0 678 

0 2607” 

0 1698 

0 2543 

0615 


= 2 

0 


0 0793* 

00385 

0 0772 

0 685 

0 0932* 

0 0479 

0 0957 

0 649 

01541* 

0 0797 

0 1597 

0 644 

0 1768” 

0 0869 

0 1735 

0 679 


= 3 

0 


0 0793* 

0 0289 

0 0865 

0 687 


malms, = a> c 


0 0380* 

0 

004 

0949 = 

0 0888* 

0 

0 10 

0 888 ° 

01347* 

0 

0 16 

0'842 c 

O’ 1688* 

0 

0 20 

0844 c 


“ Reference solute, triphenylmethane 
0 Reference solute, DEPA dimer. 

0 These are smoothed values taken from a previously reported investigation 171 

2 Isopiestic measurements. Table 2 lists the equilibrium compositions of A 2 — B 
mixtures in octane which had been equilibrated with reference solutions of triphenyl¬ 
methane and, at the higher concentrations, A 2 . Previously reported smoothed values 
for the separate components are also included. The isopiestic ratio m R j(m St + m B ) 
listed in the last column of the table, should be unity if there were no reactions between 
A 2 and B and if A 2 , B, and the reference solute obeyed Raoult’s Law. While the iso¬ 
piestic ratios for the separate components show them to be non-ideal solutes, the 



1286 


H. T. Baker and C, F. Baes, Jr. 


generally much lower ratios observed for the mixtures offer clear evidence of inter¬ 
actions such as Equations (1) and (2) which lead to a reduction in the number of 
particles in solution. 

A portion of the results, those at a roughly constant total concentration of A s plus 
B (01 - 0-15 m) are plotted according to Job’s method in Fig. 4. The dashed lines 



centration divided by the solution concentration) for no reaction between A 2 and B, 
formation of AB only (Q v = oo) and formation of A a B only (@ 3 => oo) 

indicate the ideal behaviour of the isopiestic ratio for three limiting cases, (1) no 
reaction between A 2 and B, (2) AB only is formed, (Q x = oo), (3) A 2 B only is formed, 
(Q s = oo). The observed ratios are seen to fall mostly in the region defined by the 
latter two limiting cases. From this it is concluded that the isopiestic results are 
consistent with the above assumed formation of both products. A more quantitative 
analyses of these results to test the above estimated values of Q 1 ^nd Q 2 was not attemp¬ 
ted in view of the non-ideal behaviour of solutes A 2 and B. 

3. Conclusions. The present value of Q x for the DEPA-TOPO, AB product is 
25-50 times larger than the corresponding values found for DBP-TBP by Dyrssin, 1 ^ 
Hardy <5> and their coworkers. This is the trend expected in view of the more basic 
character of the phosphoryl oxygen in a phosphine oxide compared to that in a phos¬ 
phate. The A a B product has not previously been reported. 

The amount of extraction data presently available for M0 2 2, -A 2 -B systems is 
insufficient to warrant a detailed test of synergistic behaviour in terms of the formation 
of AB, A 2 B (and a mixed product or products (M0 2 )A u B 6 ); however, the inclusion of 
these interaction products in the interpretation of future results would appear desirable 

Acknowledgement —The authors are pleased to acknowledge the valuable technical assistance of 
W. E. Oxenmne in this investigation. 
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THE DENSITY OF LIQUID NaCl AND KC1 AND 
AN ESTIMATE OF THEIR CRITICAL CONSTANTS 
TOGETHER WITH THOSE OF THE OTHER 
ALKALI HALIDES* 

A. T>. Kirshenbaum, J. A. Cahill, P. J. McGoNiGALf and A. V. Grosse 
Research Institute of Temple University, Philadelphia, Pa. 

{Received 21 February 1962) 

Abstract—A procedure for the estimation of the critical constants of salts, provided reliable liquid 
density data are available, is explained The method is applied specifically to NaC! and KC1, the 
liquid densities of which have been determined from the melting point to the normal boiling point 
The dependence of density on temperature may be expressed by the following equations. 

D n aci g/cm 3 =2 061 -4 759 x lO’* T°K ± 0 002 g/cm’ 

Dkoi g/cm* = 2-062 - 5 350 x 10 * 7”TC ± 0 003 g/cm’ 

The estimated critical constants for NaCl are: T t = 3400°K ± 200“K, D c = 022 g/cm* ± 0 05 
—50 —120 

g.'un’, V c ^ 266 cm* + ^ cm 8 . P c = 350 atm + j^atm, and for KCI: T e 32O0 K ± 200°K, 

D, = 0 175 g/cm’ ± 0 05 g/cm 3 , V, — 415 cm 3 . , A — 220 atm, + atm. 

Estimated critical temperatures are given for the other alkali halides. 

In previous publications 0 2 ' a procedure for estimating the critical temperature of any 
metal based on application of the theorem of corresponding states to the entropy of 
vapourization has been discussed. If density data for the liquid metal are available the 
law of rectilinear diameters may be used to estimate the critical density and critical 
volume. Critical pressures may be approximated by extrapolation of ideal gas vapour- 
pressure data. It has been emphasized 0 - 2) that in regard to thermal stability the metals 
form a unique group; since they are elementary monatomic substances the only 
dissociation process which need be considered is ionization and this is repressed by the 
high saturation vapour-pressures. Calculations involving the Saha equation indicate 
that for metallic vapours the degree of ionization is small (of the order of a few per 
cent) at the critical point, particularly in view of the high vapour-pressure. The 
critical temperatures of the high-boiling metals, for example, are as follows: Mo- 
17,000°K, Re-20,500°K, Ta-22,000°K and W-23,000°K. 

With molecular species, however, the situation is not so simple and dissociation 
into atoms, radicals, ions, simpler molecules or a combination of these forms, must be 
considered, 6000°K may be taken as the upper limit for real critical temperatures of 

* This work was supported by the National Science Foundation under grant 15540 
t Portions of this work will be included in a dissertation to he submitted by P. J. McGonigal 
to the Graduate Council of Temple University in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. , 

11 A V Grosse, /. Inorg. and Nucl Chem 22, 23 (1961). 

131 A V. Grosse, Paper No. 2159, A.R S., Space Flight Report to the Nation, New York, Oct. 9-15, 
(1961); See also A. V. Grosse, The Liquid Range of Metals and Some of their Physical Properties at 
High Temperatures, Research Institute of Temple University, Oct. 19, (1960). 
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molecular substances since above this temperature all chemical bonds will be broken. 
Many compounds will be substantially dissociated at lower temperatures and it is not 
always possible to speak of a critical temperature of a compound since it could not 
exist as such at that temperature. For example, CaO boils at 3800°K and, as a first 
approximation, would be expected as an ionic compound to have a critical temperature 
in the neighbourhood of 7600°K. Extrapolation of K„ data for dissociation into the 
elements as reported by Latimer <3) and vapour-pressure data reported by Bockris et 
al. {ii yield values of 350 and 1860 atm respectively for these quantities at the critical 
point. The degree of dissociation calculated for CaO at its supposed critical tempera¬ 
ture and pressure is 40 per cent. As a more extreme example of a substance which 
cannot be said to have a critical point we may consider A1 2 0 3 which is substantially 
dissociated into A1 2 0, Al 2 O a , O and 0 2 at its normal boiling point of 3800°K, which 
happens to coincide with the flame temperature of the Al-O a -flame (at 1 atm). (5) 

On the other hand calculations based on recent K v data (C) and linear extrapolation 
of the vapour-pressure data of Barton and Bloom <7) show that NaCl is only 1 -25 per 
cent dissociated at its estimated critical temperature of 3400°K and critical pressure of 
350 atm. The per cent dissociation at the critical point critical temperatures (see 
Discussion) are given in Table I. Critical pressures are estimated to be from 200 to 
1000 atm, based on available vapour pressure and K P data. It is, therefore, feasible 
to speak of critical temperatures for the alkali halides (see Table 9). 


Table 1 —Critical temperatures and per cent 

DISSOCIATION OF SEVERAL ALKALI HALIDES 


Salt 

Tct’K) 

Dissociation 

(%> 

LiF 

4140 

04 

LlCl 

3080 

02 

LiBr 

3020 

03 

Lil 

3250 

07 

NaF 

4270 

1 7 

NaCl 

3400 

1 2 


EXPERIMENTAL 


Procedure 

The density of sodium and potassium chlorides were determined from their melting points to their 
normal boiling points by the Archemedian Principle The procedure used has been described 
previously in our paper on liquid lead .* 81 It was observed previously 1 ' 1 that graphite did not react 
with these salts Therefore, graphite crucibles, sinkers and reflux condensers were used m these 
experiments Analyses of the salts after the experiments showed that there was <0 02 per cent 
carbon present in the salts. 

1,1 W. M. Latimer, Tables of Free Energy Functions for Elements and Compounds in the Temperature 
Range 2000-5000'A, U S A E C , Oak Ridge, Tenn., 11-18-49-300-A10159 (MDDC-1462) 

“> J O’M. Bockris, J L White and J D Mackenzie, Physico-Chemical Measurements at High 
Temperatures , p, 93. Academic Press, New York (1959) 

(SI A V. Grosse and J. B. Conway, Ind. & Eng. Chem , 50, 663 (1958) 

l4) JANAF Interim Tbermochemica! Tables, Vol 1 and 2, Prepared under the auspices of the Joint 
Army-Navy-Air Fotce Thermochemical Panel, W. H. Jones, Chatrman, by the Thermal Labora¬ 
tory Dow Chemical Co , Midland, Mich , Dec. 1960, with supplements through Sept. 1961 
1,1 J. L. Barton and H. Bloom, J. Phys. Chem. 60, 1413 (1956). 

1,1 A D. Kirshenbaum, J A. Cahill and A. V. Grosse, J. Inorg. Nucl. Chem., 22 , 33 (1961). 

<•> A. D. Kirshenbaum, J A Cahill and C. S. Stokes, J. Inorg. Nucl. Chem 15, 297 (1960). 
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Xhe volume of the sinker at 20 C C was calibrated in mercury add corrected for surface tension. 
The volume of the sinkers were always corrected to the operating temperature using the thermal 
expansion data reported by Goldstein, et alS 101 together with data known for the graphite used.* 
The volume of the sinker depended upon its depth of immersion in the liquid salts. This was deter¬ 
mined by an electric probe, i e. by the difference between the depth of the liquid salt and the distance 
of the sinker from the crucible base. 18 '*’ 

The losses in wt. of the sinkers were corrected for surface tension using the surface tension 
equations reported by Bloom et al." u namely >wi = 190-8 — 0 0931 and y KC i = 155-2 — 0*073/ 
where t is in °C and y in dynes/cm, 


Materials used 


The total impurities were 0 027 per cent in the NaCI and 0 020 per cent in the KC1. The main 


impurities were: 



NaCl 

KCI 

Bromide 

0005% 

0-005% 

Chlorate 

} 0-003% 

0-003% 

Nitrate 

0 003% 

Iodide 

0-002% 

0-002% 

Sodium 

— 

0 003% 

Potassium 

0 002% 

— 


Thus, the purity of the NaCl was 99 973 per cent and of the KCI was 99 980 per cent. 

RESULTS 

The experimental data obtained for NaCl and KCI are presented in Table 2. A 
least squares treatment of the data gave the following linear relationships: 

- 2-061„ - 4-759 x KHr°K ± 0-002 g/cm 3 
D'klt = 2-062, - 5-350 x l<Hr°K ± 0-003 g/cm s . 


The molar volumes and volume coefficients of expansion of NaCl and KCI are 
given in Table 3. A comparison of our data with those reported in the literature are 


Table 2 —Experimental liquid densities 


NaCl 

Temperature 

Density 

Temperature 

Density 

(°K) 

(g/cm ! ) 

(°K) 

(g/cm 8 ) 

1149 

1 516 

1502 

1 347 

1162 

1 503 

1590 

1 305 

1202 

1 486 

1552 

1 323 

1208 

1 483 

1573 

1 312 

1404 

1 388 

1670 

1-267 

1459 

I 367 



KCI 

1101 

1 471 0 

1317 

1 364 

1112 

1 470, 

1410 

1 303 

1184 

1-427, 

1420 

1 297 

1197 

1 422, 

1507 

1 264 

1294 

1-368, 

1607 

1 202 


* Dixon E-821, fine gram petroleum coke base stock with a transverse linear coefficient of 
expansion from 100 to 600 J C of 35 x 10-’/°K and a parallelcoefficientof expansionof 20 8 x 10-’/°K 
A Goldstein, T E Waterman and H J Hirschhorn, Thermophysical Properties of Solid 
Materials Vol 1, p. 59-158 WADC Technical Report 58-476, (1960). 

H Bloom, F G Davis and D W. James, Trans. Faraday Soc. 56, 1179 (1960). 
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Table 3.7-Molar volumes and coefficients of expansion of NaCI and KCI 


Temperature 

(°K) 

Density (g/cm 1 ) 

Molar volume 

(cm'/mole) 

Cubical Coeff. of Expan 
x I0 5 (°K-‘) 

NaCI 

KCI 

NaCI 

KCI 

NaCI 

KCI 

1073 (mp.) 

1-5504 

—- 

37-70 

— 

30-70 

._ 

1063 (m.p.) 

— 

1 494 

— 

49-90 

— 

35-81 

1100 

1-538 

1-473 

38 01 

50 61 

30 94 

36 32 

1200 

1 490 

1 420 

39 23 

52-50 

31-94 

37-68 

1300 

1-442 

1 366 

40 54 

54-58 

33 00 

39-17 

1400 

1-395 

1 313 

41-90 

56 78 

34 11 

40-75 

1500 

1 347 

1 259 

43 40 

59 22 

35 33 

42 49 

1600 

1 300 

1 206 

44 96 

61 82 

36 61 

44 36 

1680 (b.p.) 

— 

1 163 

— 

64 10 

— 

46 00 

1738 (b.p.) 

1 247 

— 

46 88 

— 

35 81 

— 


presented in Tables 4 and 5. There is excellent agreement on the densities of NaCI and 
KC1 at their melting points between our data and those reported in the literature. The 
literature temperature coefficients, however, do vary slightly for NaCI (3-8-6-26 > 
10 -4 ). We give preference to our dDjdt values since they cover the whole range of 
550°K, from the melting point to the normal boiling point. 


Table 4.—Comparison of literature values for the liquid density of NaCI 


Investigator 

Temperature 
range (°K) 

Temperature 
coeff. x 10* 

Density 
at m.p. 

Reference 

This work 

1150-1700 

-4 759 

1 5504 


Lorenz, Fries and Jafs 

1125-1225 

-3 8 

1 521 

Z phys Chem 61, 
472 (1908) 

Jaeger 

1100-1450 

-6 261 

1 549 

Z Anorg. Chem 

101, 180(1917) 

Honda 

1200-1600 

-5 07 

1 557 

Z Anorg Chem 

154, 238 (1926) 

Sauerwald 

1300-1600 

- 500 

1 564 

Z Artorg Chem 

135, 327 (1924) 

Arndt and Gessler 

1075-1175 

-54 

1 54 

Z Elektroch 14, 

666 (1903) 

Brunner 

1100-1300 

-54 

avg 

1 554 

- 1 548 

Z Anorg Chem 38, 
375 (1904) 


According to Bockris et al. a2) the density of solid sodium and potassium chlorides 
have the following temperature relationships: 

NaCI: D, = 2-168 - 1-267 X ll” 4 / - 1-754 x J0- 7 f 2 (±0 002 g/cm 3 ) 

KC1- D, = 1-985 - 5-459 x 10- 5 J - 1-836 x 10- 7 / 2 (± 0-001 g/cm 3 ) 

where t is in °C. The densities and molar volumes of NaCI and KC1 at their melting 
points are: 



Z)(g/cm 3 ) 

K Jf ,(cm 3 /mole) 

NaCI (solid) 

1-955 

29-90 

(liquid) 

l-550 4 

37-70 

'KCI (solid) • 

1-827 

40-81 

(liquid) 

1-494 

49-90 


,,,> J. O’M. Bockris, A Pilla and J. L. Barton, J. Phys Chem 64, 507 (1960). 
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Tabu 5.—Comparison of literature values for the liquid density of KCI 


Investigator 

Temperature 
range (°K) 

Temperature 
coen. x 10 4 

Density 
at m.p. 

Reference 

This work 

1100-1600° 

-5-350 

1-494 


Neilhamer and Peake 

1075-1300° 

-5-8 

1 502 

J. Chem. Engng. Data 6 , 
197 (1961) 

Mashovetz and 

Lundina 

1075-1400“ 

-5-7 

1-499 

Proc. 1st All-Union <j»nf. 
Non-aqueous solutions 
1935, pp. 191-212 

Peake and Boothwell 

1075-1200° 

-5-8 

1-502 

J. Amer. Chem. Soc. 76, 
2653 (1954) 

Brunner 

1075-1300° 

-5 7 

1 507 

Z. Anorg. Chem. 38, 350 
(1904) 

Arndt and Gessler 

— 

-54 

1-498 

Z. Elektrochem. 14, 666 
(1903) 

Jaeger and Kahn 

1075-1225° 

-5-95 

1 509 

Proc. Acad. Sci. Amster. 
10, 381 (1916) 

Klemm 


-56 ' 

avg 

1 517 

= 1 504 

Z. Anorg Chem. 152, 295 
(1926) 


Table 6 —Volume change of NaCl and KCI on meltino 


A V/V,(%) 

NaCl KCI 


Reference 


26 06 ± 0 06 
25-58 ± 0 07 

30 0 

25 0 ± 0 5 

22 8 ± 0 7 

23 2 + 2 0 


22 27 ± 0 08 

20 20 + 0-05 

21 0 ± 0 5 

23 0 

173 ±05 
16-8 ± 0-5 
17 5 -i 2 0 


This paper 

BoCkris, Pilla and Barton, J Phys Chem. 64, 507 (1960) 
Landon and Ubbelohde, Trans Faraday. Soc. 52, 647 (1956) 
Eucken, Z. Angew, Chem. 55, 163 (1942) 

Schinke and Sauerwald, Z. Anorg Chem. 237, 313 (1956) 
Eucken and Dannohl, Z Elektrochem 40, 814 (1934) 
Bredic, and Johnson, Report ORNL-1940, p 19 


Therefore, the volume change on melting (AF/FJ are 26 06 and 22-27 per cent respec¬ 
tively for NaCl and KCI. A comparison of these values with those reported by previous 
investigators are given m Table 6. 

DISCUSSION 

Diagrams covering the entire liquid ranges of NaCl and KCI have been constructed 
from the experimental liquid density data and vapour densities obtained by extrapo¬ 
lation of the data of Barton and Bloom. (7) The general method for the preparation of 
these diagrams has been previously discussed. (1) Dimeric species were taken into 
account in the calculations. The amounts were obtained by extrapolation of the data 
given by Datz, et al. a3) These diagrams are reproduced in Figs. 1 and 2. Densities of 
vapour and liquid above the normal boiling points of NaCl and KCI are shown in 
Table 7. 

The liquid densities were calculated according to the equation 

Alq. = 2D — D YHp 

where D<$ represents rectilinear diameter. The equations for the rectilinear diameters 
are: 

D$„ aCi = 1-0305 - 2-3795 X KF*r(°K) 

D<5 KCI = 1-0312 - 2-675 x lO^TCK) 

<l ” S. Datz, W T. Smith, Jr. and E. H. Taylor, J. Chem. Phys. 34, 558 (1961). 
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Fig. 1 —Liquid range diagram for NaCl. 
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Table 7.— Saturated vapour and liquid densities of NaCl and KC1 

ABOVE THEIR NORMAL BOILING POINT 


Temperature 

(°K) 

Sat. vapour density (g/cm*) 

Liquid densit 

(g/cm*) 

NaCl 

KCI 

NaCl 

KCI 

1680 (b.p) 

_ 

0 000595 

_ 

1-162 ' 

1738 (bp) 

0 000577 

— 

1-233 

_ f 

1800 

0-000837 

0-00117 

1 203 

1 098 

2000 

0 00225 

0 00290 

1 107 

0 989 

2200 

0-00495 

0-00636 

1-009 

0 879 

2400 

0 0100 

0 0125 

0 909 

0-766 

2600 

0 0174 

0 0208 

0 807 

0-650 

2800 

0 041 

0 034 

0 701 

0 530 

3000 

0 059 

0 050 

0 622 

0-407 

3200 

010 

— 

0 480 

— 


The critical temperatures were estimated to be in the centers of the critical regions 
shown in Figs 1 and 2. The upper limit for the critical region is definitely established by 
the intersection of the liquid and ideal vapour density curves at the rectilinear diameter. 
The lower limit is not so well defined but may be taken as that temperature at which 
the calculated vapour density is one-fifth as great as the calculated liquid density. In 
the case of NaCl and KC1 this temperature is about 400° below the upper limit. The 
error in the critical temperature in each case is taken to be di200°K. The critical 
constants determined from the diagrams are presented in Table 8. 

Table 8 —Critical constants of NaCl and KCI 
NaCl K.C1 



This work 

Eyring 

This work 

Eyring 

r e 

3400° dr 200°K 

3600’K 

3200' i- 200 K 

3092°K 

Dr 

0 22 J: 0 05 g/cm 3 

- 50 cm 3 

266 70 

0 20 g/cm 3 

0 18 .1. 0 05 g/cm 3 

0 173 g/cm 8 

K 

293 cm 3 

. — 100 cm 8 

466 + 200 

431 cm 3 

K 

- 120 atm 
•” u + 130 

235 5 atm 

220 " 70 atm 
+ 100 

135 5 atm 

P,V C 

\ 




DT 

0 332 

0 233 

0 390 

0 230 


These constants, obtained on a semiempirical basis, agree reasonably well with 
those obtained theoretically by Eyring and co-workers (1^, who developed a partition 
function for fused salts based on the concept of significant structures in the liquid state. 
For purposes of comparison Eyring’s data are also shown in Table 8. The molar 
volumes at the boiling point as calculated by Eyring are 51T 5 cm 3 for NaCl and 
71-20 cm 3 for KC1 compared to our experimental values of 46-87 cm 3 and 64-10 cm 3 , 
respectively. 

In view of the great similarity of physical and chemical properties of the alkali 
halides generally we assume that their critical temperatures can be estimated with a 
fair degree of reliability by application of the law of corresponding states to the entropy 
of vaporization, AS vap , vs reduced temperature curve for NaCl. The procedure is 

" 4) C. M. Carlson, H Eyring and T Ree, Proc. Natl. Acad. Sci., 46, 333 (1960). 
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similar to that previously described for metals. rt) This curve, which appears in Fig 3 
was constructed from our estimated critical temperature for NaCl and the A/f vsp data 
of Kelley US) which, for our purposes, at least are not significantly different from the 
more recent data of Barton and Bloom. <7) 



Fig. 3 —ASvap vs. reduced temperature. 

These estimated critical temperatures are listed in Table 9; the normal boiling 
points and entropies of vaporization are those reported by Brewer .* 181 

Joliet* 171 has recently published a procedure for estimating the critical volumes of 
the alkali halides which involves the assumption that at the critical point each alkali 
halide molecule occupies a cube whose edge is twice the internuclear distance at room 
temperature. The critical volumes calculated by this method for NaCl and KCI, 
108 cm® and 152 cm®, respectively, are much lower than the values given in Table 8 
Joliet’s results appear to agree rather well with those of Saslawsky' 18 ’ and Lorenz 

<UI L. Brewer et at. , in : v The Chemistry and Metallurgy of Miscellaneous Materials, Thermodynamic 
(Edited by L L. Quill) NNES Vol. IV-i9B, McGraw-Hill, New York (1950). 
t**' iCi K. Kelley, Bureau of Mines Bulletin 383, (1935) 

1,71 J. F. Joliet, C.R. Acad. Sci. Paris 252, 719 (1961). 

<»> Saslawsky, Z. Phys. Chem 109, 111 (1924). 
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?^x4 


Tahs 9 .— Bsmuno mw DRion' or vajwwzawon, iatartgO*” /*' 
trmj'exatures and cwtjcal ragsRAwa to* «**u HAtaw 


Salt 

T t C K) 

A.C ( 

.'j Tml 

T.?K> 

”'\g. atom, deg 


UF 

1954 

26-1 

0-All 

4140 

LiCl 

1653 

21-7 

0-517 

3080 

LiBr 

1583 

22-4 

0-525 

3020 

Lil 

1444 

28-2 

0-445 

3250 

NaF 

1977 

269 

0-463 

4270 

NaCl 

1738 

235 

0508 

3400 

NaBr 

1665 

22-8 

0-520 

3200 

Nal 

1577 

24-2 

0 498 

3160 

KF 

1775 

23 2 

0-513 

3460 

KC1 

1680 

23 1 

0-515 

3200 

KBr 

1656 

22-4 

0 525 

3170 

KI 

1597 

21 7 

0 537 

2980 

RbF 

1681 

23 5 

0 512 

3280 

RbCl 

1654 

22 3 

0-527 

3140 

RbBr 

1625 

228 

0 520 

3130 

Rbl 

1577 

22 8 

0 520 

3035 

CsF 

1524 

22 5 

0 523 

2915 

CsCl 

1573 

22 7 

0518 

3040 

CsBr 

1573 

22 9 

0 517 

3045 

Csl 

1553 

23 1 

0515 

3020 



and Herz . 1191 However, it should be noted that Saslawsky’s values are calculated from 
an expression which involves the critical temperature which in turn is obtained from 
the Lorenz relationship, T c ■— TJO-44, which cannot be valid for alkali halides since 
at the critical temperatures this expression yields very low values for the vapour densities. 
According to the Lorenz equation NaCl and KC1 would have about the same critical 
temperature, 2400°K; at this temperature the vapour densities would be only 0-010 
g/cm 3 for NaCI and 0-012 g/cm 3 for KC1. 

It would thus seem that Joliet’s assumptions are incorrect. 

It is of interest to consider the reduced density vs reduced temperature curve for 
typical salts as exemplified by NaCl and KC1 and to compare it with three other classes 
of substances, namely, ideal or perfect liquids (argon and other noble gases), 1201 
metals, 1211 and fluorocarbons (and derivatives), 188,281 homopolar liquids with partic- 
larly small intermolecular forces. These curves are shown in Fig. 4. It is apparent that 
each of the four types of substances has a curve distinct from the others. This is not 
to say that as the number of examples increases there will not be a band for each type. 
However, it is to be expected that the mean curves will show differences. The reduced 
density vs reduced temperature behaviour of the substances is not simplyrelated to their 
structures. However, the similarity of the reduced vapour density curves is apparent 
and is undoubtedly due to the fact that at the large interatomic or intermolecular 

Lorenz and Herz, Z. Anorg. Chem. 138, 330 (1924). 

1201 E A. Guggenheim, J. Chem. Phys. 13, 253 (1945). 

1211 P. J. McGonigal, A. D. Kirshenbaum and A. V. Grosse, J. Phys. Chem , 66, 737 (1962). 

1221 R M. Yarrington and W. B. Kay, J. Chem. Engng. Data, 5, 24 (1960). 

12,1 J. H. Simons, Fluorine Chemistry, Vol 1, p, 438 Academic Press, New York (1950) 
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Fig. 4 —Reduced density vs reduced temperature 

distances which exist in the gaseous state the characteristic attractive forces are very 
much lessened. 

A similar and typical separation into classes of substances is shown in Fig. 3 which 
is a plot of entropy of vapourization vs reduced temperature It is to be noted that the 
behaviour of typical homopolar compounds like CC1 4 , C0 2 or benzene is essentially 
the same as that for associated liquids like H 2 0 and NH 3 . 

CONCLUSIONS 

The method described above allows a reasonable consistent estimation of the 
critical properties of salts. The agreement of our semi-empirical method with the 
results of Eyring* 141 is encouraging. The greatest discrepancy is in the estimation of 
the critical pressures. Further experimental work on liquid and vapour densities, 
especially at high pressures, beyond the normal boiling point, is obviously indicated 
to extend density data to higher temperatures and to support or narrow down the 
critical constant estimates presented in this paper. Methods for making such measure¬ 
ments are currently under study at this Institute 
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NOTES 


Preparation of neptunium targets by electrodeposition 

(Received 8 January 1962; in revised form 9 April 1962) 

N eptunium has been coated on metal cathodes by the electrolytic deposition of the oxide or hydroxide. 
The experimental results show that adherent, uniform neptunium sources can be prepared in the range 
from 0 2 to 4 mg on a nickel cathode area of 7 cm®. Heavier neptunium sources in the range 0 8-7 mg 
were also prepared after several successive electrodeposition steps on the same disc Platinum, 
stainless steel and tantalum backing discs were found equally suitable for the sources. The electrolytic 
cell consisted of a polyethylene cylinder and base cap, a nickel plated disc serving as cathode contact, 
and a platinum ring anode The cell was kept at 80 ’C in a water bath, with constant stirring at about 
100 rev/mm The cathode discs were treated with carbon tetrachloride and chemically etched im¬ 
mediately before plating To an electrolyte volume of 15 ml of saturated ammonium oxalate solution, 
25 500 /<! of 0 5 M HNO a neptunium solution were added and the pH of the resulting solution 
adjusted to 7 with ammonium hydroxide. Current densities of 0 043-0 057 A/cm 2 were used m most 
experiments At the end of the electrolysis the metal hydroxide deposits were rinsed with distilled 
water and dried at room temperature The plate uniformity was determined by means of auto¬ 
radiographs and densitometic measurements The maximum density difference ratio {MDDR- 
(Maximum optical density/Mimmum optical density) — 1} varied from 0 16 to 0 40 with an average 
ratio of 0 28 
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fellowship and to the Comisi6n Nacional de Energla Atbmica for giving the necessary leave of absence 
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Alkylammonium complexes of copper (II) 

(Received 24 April 1962) 

The reaction of copper (11) chloride with amine hydrochlorides to form yellow bis-alkylammomum 
tctrachlorocuprates (II) has been reported previously <12 . 8) 

As part of another study, we attempted to prepare alkyl diazonium chlorides at low temperatures. 
We observed, however, that methylamine and ethylamme, in the presence of liquid anhydrous 
HCI and CuCl a , gave the known' 21 corresponding bis-alkylammomum tetrachlorocuprate (ID, 
(RNH s + ) 2 (CuCl 4 “), R = Me and Et 

We found that these complexes are extremely soluble in N-methylpyrrohdone and slightly soluble 
in y-butyrolactone, but are precipitated from these solutions on addition of diethyl ether. 

The ultraviolet and visible absorption spectra of the two complexes were measured in several 
solvents and, as reported previously (but without supporting data) 121 , we have observed that the 
results are strongly dependent on the nature of the solvent 

Thus, both complexes exhibited maxima at 475 m/i (e 1500, R = Et) and 316 mu (e 3570, R = Et) 
in y-butyrolactone The bis-ethylammomumtetrachlorocuprate (II) (compound A) exhibited max¬ 
ima at 474 nyt and 344 m/i m acetone and only at 273 m/< in methanol. 

H Remy and G. Laves, Ber 66B, 401 (1933). 

!1 W M Dehn, J. Amer Chem Soc 48, 111 (1926) 

R. D. Whealy, D H Bier and B J McCormick, J. Amer. Chem Soc. 81, 5900 (1959). 
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Notes 


The influence of a bulky alkyl group in the preparation of such complexes was illustrated by the 
behavior of tert-octylammonmm chloride on treatment with CuClj and liquid HC1. The solid, which 
initially formed, slowly evolved HC1 and an aqueous solution of the freshly prepared product possessed 
a pH of 2. After recrystallization from y-butyrolactone, the pH of the aqueous solution was 7. The 
spectrum of this tan-colored tert-octyl ammonium complex was almost identical with that observed 
for compound A. The analytical data for the crystallized product was fairly consistent with that for 
tert-octylammoniumtrichlorocuprate (II) (compound B), Calcd: C, 32 02; H, 6-72, N, 4-67; Cl, 
35-42%. Found; C, 31-14; H,6 81, N, 4-46; Cl, 37 09% 

It therefore appears that the initial, unstable product was hydrogen tert-octylammoniumtetra- 
chlorocuprate (II) and it seems likely that during crystallization, y-butyrolactone served as a proton 
acceptor. The similarity in spectra of compounds A and B suggests a “pseudo” tetrachlorocuprate 
(II) structure in B. 

Furthermore, methanolic solutions of B reacted with methanolic solutions of RNH, + C1~ (R -- 
Me, Et, n-Pr, and n-Bu) to give yellow solids after addition of ether These products are probably 
mixed dialkyiammomumtetrachlorocuprate (II) complexes. Their structures are under investigation. 

The spectra were determined on a Beckman DK-2 recording spectrophotometer Microanalysis 
was carried out by Micro-Tech Laboratories, Skokie, Illinois. 

R. Filler 

Department of Chemistry L Gorelic 

Illinois Institute of Technology 
Chicago 16, Illinois, U.S A. 



/ Inor*. Nud. 1962, Vol, 24, pp. 1299 lo 1J00, tetamoaPren Ltd. Printed in Northern Ireland 


BOOK REVIEWS 


S C Lind, Radiation Chemistry of Gases. A.C S. Monograph No. 151. 313 pp. Reinhold Publishing 
Company (1961) 100s. 1 < 

Those who for many years have regarded Dr. Lind’s monograph (“Chemical Effects of Alpha Particles 
and Electrons”, 1928) as a lucid and penetrating analysis of early work in radiation chemistry will have 
looked eagerly for a new edition bringing it up to date. The title change is significant; recent studies 
have used a wider range of radiation sources, and the growing volume of radiation chemical literature 
makes some restriction of topics inevitable. The behaviour of gases forms the main theme of the 
earlier monograph and Dr. Lind’s own very considerable experimental contributions are in this field. 

The first part of the present monograph includes chapters by Dr. C. J. Hochanadel on “Absorption 
of Ionizing Radiations” and by Dr J A. Ghormley on “Other Sources and Dosimetry”. Unfortu¬ 
nately they are in general terms and poorly coordinated with the rest of the book. One looks in vain 
for any discussion of the special problems of selecting suitable radiation sources for gaseous systems 
and of measuring or calculating accurately the dose received by gases. That these problems are for¬ 
midable is clear from the remaining chapters of Part I which deal with the use of radon. The large, 
some might feel disproportionate, amount of space devoted to radon throughout the book reflects not 
only the author’s special interests but also the large part radon has played in the most thorough of the 
radiation chemical studies of gases 

The second part of the book describes the expenmental data published up to July 1960 and, so far 
as the reviewer can tell, is comprehensive to the point of being indiscriminate in places. Items such as 
the radiolysis of KBrO, are scarcely relevant and others, such as the confusing CO,-carbon behaviour 
under radiation, are described with detail which contributes little to our understanding of gas radio¬ 
lysis. The arrangement of material into “Reactions of One Component”, “Oxidation”, “Hydro¬ 
genation” etc has little obvious advantage, involves much repetition, and separates related topics 
(e g, CO, decomposition; CO oxidation, and CO, + H, reaction). Cross-references are, however, 
abundant and the index and tabular summaries are excellent 

As a reference work summarizing the published data the new monograph is invaluable, but the 
recent material (often more qualitative and less penetrating than the early work) is not well assimilated. 
It is not possible therefore to recommend the book as a critical analysis of the data To a large extent 
this is a reflection on the state of the subject itself 

J Wright 


Uranium Dioxide: Properties and Nuclear Applications, Edited by J. Belle, U S Government Printing 
Office, Washington, D C, 1961, 726 pp S2 50. 

This book serves as an excellent illustration of the rapid growth of basic science and technology during 
the past decade in the field of reactor fuel materials The extent of the growth is evidenced by the large 
body of knowledge about uranium dioxide that has been collected and critically examined by forty- 
two contributing authors The editor, J. Belle, deserves special acknowledgement for coordinating 
the findings of the various disciplines, engineering, ceramics, chemistry, physics, and metallurgy into a 
valuable sourcebook. 

The first four chapters discuss the application of UO, to nuclear power reactors and provide a 
detailed review of the factors that affect the preparation and characterization of UO, as a powder and 
influence its subsequent fabrication into fuel elements The unirradiated physical properties of UO, 
and the complex solid and vapour phase behaviour in the uranium-oxygen-system are discussed in 
Chapters 5 and 6, respectively. The extensive compilation and discussion of the thermodynamic.tod 
crystallographic data for the uranium oxides, UO,, U,O t , U,0,„ U,0, and UO, is most valuabtefo 
physical and tnorgan ic chemists because they illustrate the complex phenomena such as polymorphic, 
deviation from stoichiometry and metastabihty that one is likely to encounter in a study of a mdjus, 
oxygen system wherein the metal exhibits a variety of oxidation states. Binary and a few ternary oxiwfe 
systems encountered as reactor fuel materials are also discussed. Chapters 7 and 8 deal principally with 
the kinetics of self-diffusion (both cation and anion), sintering, oxidation and corrosion phenomena 
Finally Chapter 9 devotes over 200 pages to the irradiation behavior of UO a and to its performance 
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Book reviews 


as a fuel material. Appendix A gives a concise summary of numerical values of the physical, chemical 
and thermodynamic properties of UO,. Ceramists and metallurgists will And Appendix B valuable 
since it deals primarily with the application of light and electron microscopy to the study of micro- 
structures of UO, in its various physical forms. 

On the whole, the book contains a wealth of bibliographic material which not only serves as factual 
assistance to present investigators; but will serve to guide more refined and penetrating investigations 
The book was prepared and published under the direction of and in cooperation with the Naval 
Reacton Group of the Atomic Energy Commission. 

R. J. Ackermann 


A. I. Vogel: A Text-book of Quantitative Inorganic Analysts, including Elementary Instrumental 
Analysis. Third Edition Pp. xxx + 1216. Longmans, Green, London, 1961. 70s 

This is the third edition of a text-book of quantitative inorganic analysis, which was first published 
in 1939. It has been revised to give, in addition to classical methods of analysis, an introduction to 
the instrumental methods which have become important in recent years 

Volumetric and gravimetric analysis are dealt with in the first part, roughly half, of the book 
After an account of the basic theory there are many practical exercises which illustrate the continued 
importance of classical methods Complexometric titration is presented in a new chapter which 
includes directions for the determination of metals with EDTA There are gravimetric methods 
which utilize newer organic precipitants and homogeneous precipitation, and sections on aperiodic 
balances and thermogravimetry to complete the revision of this part 

The second part, with chapters which are either new or considerably revised, deals with in¬ 
strumental analysis. A chapter on the analysis of complex materials which utilizes both classical and 
instrumental methods provides a link between the two parts There are chapters on electro-analysis 
comprising, electrogravimetry, using controlled potentials, coulometry, potentiometric titration, 
including automatic, ‘dead-stop’ and high-frequency procedures; polarographic analysis and 
amperometric titration The chapters on instruments for the measurement of spectra include photo¬ 
electric absorptiometry and spectrophotometnc methods, including titration, infra-red spectrometry, 
briefly; fluonmetry, nephelometry and turbidimetry and important chapters on emission spectro- 
graphy and flame photometry For each instrumental method, a theoretical introduction is followed 
by descriptions of commercial instrumentation and suggestions for introductory experiments 
References to more specialized texts are given at the end of each chapter There are also chapters on 
chromatography, including ion-exchange, and solvent extraction 

The book is comprehensive, well-presented and comparatively cheap It is intended primarily for 
use by undergraduate students. The first part of the book will certainly be useful to them The 
suggestion that they should also use instrumental methods is at first sight a reasonable one However, 
it must be weighed against the need for work which illustrates preparative and structural chemistry 
These competing demands on the undergraduates' time may make it desirable to offer courses m 
instrumental methods at a post-graduate level to those who intend to specialize in Analytical Chem¬ 
istry. The second part of the book would be more suitable for a course of this kind. It will also be 
useful to the practising analyst who wishes to acquire new techniques 




J Dalziel 
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A SUMMARY OF THE DECAY OF SOME FISSION PRODUCT 
TIN AND ANTIMONY ISOTOPES* 

B. J. Dropesky and C. J. Orth 
Los Alamos Scientific Laboratory, University of California, n 
Los Alamos, New Mexico ' 

Received 24 January 1962, in revised form 26 March 1962) 

Abstract —The mass assignments, half-lives and radiation characteristics of the isobaric 
pairs 126 Sn- 126 Sb, 127 Sn- 127 Sb, 128 Sn- 129 Sb and 129 Sn- 129 Sb and the isotope 110 Sb have been 
investigated. Samples of tin and antimony chemically separated from reactor-irradiated 
235 u w ere examined with /?- and y-scintillation spectrometers and ^-proportional counters. 
The main results of this programme are summarized m the present report. 

Considerable disagreement exists in the literature with regard to mass assignments, 
half-lives and radiation characteristics of some of the tin and antimony isotopes in 
the fission-product region. The present work was undertaken with the purpose of 
clarifying the information pertaining to the isobaric pairs I26 Sn-U6Sb, 127 Sn- 127 Sb, 
i28Sn- l28 Sb and 129 Sn- 129 Sb, and the isotope 1 J0 Sb. The present paper constitutes 
a preliminary survey of the properties of these species. A separate report on each of 
these isobaric pairs will eventually be written. Fig. 1 shows that portion of the Chart 
of Nuclides representing the species dealt with in this study. The particular nuclides 
investigated are set off with heavy border lines and the values contained therein are 
those from the present work The other nuclide data came from the Nuclear Data 
Sheets <*> 



Fig. 1—Portion of the Chart of Nuclides showing the tin-antimony-tellurium 
nuclides concerned with in this study. 


* This work done under the auspicesof the U.S. Atomic Energy Commission. 

11 • C. L. McGinnis et til., Nuclear Data Sheets, National Academy of Sciences—National 
Research Council, Washington, D. C. (1958-1961) 
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EXPERIMENTAL METHODS 

Chemical procedures 

Fission-product tin and antimony activities were produced by irradiating 10-30 mg 
M5 U foils with neutrons in the Los Alamos Water Boiler reactor or the Omega West reactor. 
The number of fissions in these sources ranged from 10 10 to 10 14 fissions, produced in 
irradiations from 30sec to 30 min duration in neutron fluxes ranging up to 5 x 10 1 J neutronscm ~ 2 
sec -1 . The irradiated target was dissolved m a few ml of hot 6 M HCI and a drop of cone 
HNOj. Sn(IV) and Sb(III) earners (~ 20 mg each) were added, and the solution was adjusted 
to give 10-20 ml 5 M in HCI. H 2 S was bubbled into the solution, and the resulting mixture 
was then centrifuged. 

When antimony was the element of interest, the supemate, which contained the tin, was 
discarded. The SbzSs precipitate was dissolved with hot cone. HCI. Te(IV) carrier was 
added and then precipitated with H 2 S. After centrifugation the antimony in the supemate 
was precipitated by adjusting the solution to 5 M HCI and then bubbling in more H2S. The 
SbzSs was dissolved with hot HCI, and the solution was poured into a distillation flask 
containing ~20 ml cone H2SO4 and Mo(VI) and Te(IV) hold-back carriers. The antimony 
was distilled by the dropwise addition of HBr to the heated solution (~ 200°C). The distillate 
was adjusted to 2 M HBr, and SbzSj was precipitated with H 2 S. This precipitate, either 
mounted on a counting plate or made into a slurry in a plastic vial, constituted the antimony 
sample for measurement of half-life and radiations. 

When tin was the element of interest, the supemate from the original Sb 2 S 3 precipitation 
was adjusted to ~0-5 M HCI by the addition of cone. NH 4 OH. The SnS 2 was centrifuged 
and the supemate was discarded. The SnS 2 was dissolved with hot HCI and was then 
distilled as described above. When the distillation was complete, remaining traces of antimony 
activity were removed by adding Sb(IIl) carrier to the distillate, adjusting the acidity to ~ 5 M 
in HBr, and precipitating Sb 2 S 3 with the addition of H 2 S. The supemate, which contained 
the purified tin, was usually transferred to a plastic vial for 7 -ray measurements For 
experiments involving ^-counting or coincidence measurements the tin was precipitated as 
S11S2 or as the metal and was then mounted on a counting plate. 

Instrumentation 

The y-ray spectra were measured with one or more of the following detectors: a 3 in. diam 
X 3 in. thick NalfTl)crystal coupled to a 5 in DuMont 6364 photomultiplier, and a 2 in diam 
x 2 in. thick ora H in. diam x 1} in. thick Nal(Tl) crystal coupled to DuMont 6292 photo¬ 
multipliers. These scintillators were used in conjunction with stabilized HV supplies, non- 
overloading linear amplifiers, and a fast 100-channel pulse-height analyser. In all y-ray 
experiments, a /1-absorber, usually consisting of 1 cm thick Lucite, was interposed between 
the crystal and the source. For measuring the decay of selected photopeaks a single channel 
analyser was employed. A coincidence circuit with a resolving time of ~0-4 ps ec was used to 
observe 7-7 and fi-y coincidences. To record decay data an automatic scaler, on-off timer, 
and printer were often used, ^-spectra were measured with either a li in. diam. x j in. thick 
Pilot “B”* plastic scintillator ora H m. diam. x { in. thick transstilbene crystal coupled to a 
6292 photomultiplier and used with the above electronics. 

^-emission rates were measured with standard methane- or propane-flow ^-proportional 
counters having 1 mil aluminium windows Most decay data were analysed by the method of 
least squares with an IBM 704 computer. The time scale normally used at this laboratory in 
recording decay data is based on precisely stepped increments of 0 001 day 

EXPERIMENTAL RESULTS 

i26Sn- 126 Sb decay 

126 Sn, originally reported to have a half-bfe of 50 min, is now known< 3 > to be 
very long-lived (7^ w 10 5 years). This species was discovered in Water Boiler 
reactor 235 U solution that had been stored for over 10 years. The predominant 

• Pilot Chemicals Inc., Watertown, Mass. 

<21 J. W. Barnes and A. J. Freedman, Phys Rev. 84, 365 (1951). 

(3) C. J. Orth and B. J. Dropesky, Bull. Amer. Phys. Soc. 3, No. 3, 207 (1958) 
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^-activity in a tin sample from this solution is 12lm Sn, which was identified by its 
042 MeV 0-spectrum. A weak 0-component of a higher energy was radiochemically 
identified as that of the known < 4 5 * 7 > S) 19 min 126 Sb in equilibrium with its long-lived 
i26Sn parent. The longer-lived 12ti Sb isomer was also found to be produced in the 
decay of 126 Sn and a remeasurement of the half-life showed it to be 12-5±0-l day. 
This value differs considerably from the original 6-2 day half-life measured by 
Bosch and Munczek< 6 > and attributed to an isomer of 12 *Sb by Franz and Munzel, 
but it is in fair agreement with Bosch’s< 7) later value of 11 day. Fig. 2 shows the 
0-decay curves of the 126 Sb isomers separated from 126 Sn. The ratio of the 0-activity 
of the 19 min isomer to that of the 12-5 day isomer, in equilibrium with their I26 Sn 
parent, is 6-2;t0-2. Since the 19 min isomer grows into equilibrium with 126 Sn with 
a 19 min half-period, it is probably fed directly and is therefore the low-spin isomer. 



Fio. 2—Decay curves of the 12 «Sb isomers, separated from 12 #Sn, as observed 
with 0-proportional counters. Different samples and counters were employed 
to obtain the two sets of data. Curve A is the 0-decay curve of the short-lived 
126 Sb isomer (top and right scales) and Curve B is the 0-decay curve of the 
long-lived < 26 Sb isomer (bottom and left scales). 


The 126 Sn half-life was computed on the basis of the following values: the measured 
antimony activity in secular equilibrium with the tin sample discussed above; the 
number of fissions, determined by ^Sr analysis, from which the tin was obtained; 
and an interpolated fission yield value of 5x 10 -4 for 126 Sn. 

The highest energy 0-groups observed in the decay of both 126 Sb isomers have 
end-points of 1 -95 ±0-15 MeV. y-ray spectra of the two isomers are shown m Fig. 3. 

(4) I. Franz, R. Radicella and J. Rodriquez, Z. Naturforsch. 11 A, 1138 (1956). 

(5) I. Franz and H. Munzel, Z. Naturforsch. 13 A, 53 (1958). 

161 H. Bosch and H. Munczek, Phys. Rev. 106,983 (1957). 

(7) H. E. Bosch. Bull. Amer. Phys. Soc. 4, No. 6, 374 (1959). 
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The energies of the prominent photopeaks of 12-5 day 126 Sb are in fairly good 
agreement with those reported by Bosch< 7 > for the 11 day antimony activity produced 
by high-energy neutron bombardment of enriched 126 Te. The ~068 MeV peak 
results from two y-rays in the 19 min isomer decay and three y-rays in the 12-5 day 



Fig. 3 —Scintillation y-spectra of the 126 Sb isomers measured with the 
3 m. x3 in NaI(Tl) crystal at a distance of 10 cm. Curve A, 12-5 day 126 Sb 
and Curve B, 19 min l26 Sb. The insert shows the low energy portion of the 
y-spectrum from the 126 Sn- 126 Sb, 121m Sn source measured with H in. x li m. 

Nal(Tl) scintillator. 


isomer decay. One of the y-rays contributing to this photopeak is that due to the E2 
transition from the first excited state to the ground state of 126 Te, as measured b/ 
several investigators/ 8 - 9 - I0) Shown in the insert of Fig 3 is the low-energy portion 
of the y-spectrum of the 126 Sn- l26 Sb sample. The 60, 67 and 92 keV y-rays are 
associated with the decay of ,2< >Sn. The 37 keV y-rays and the intense Sb K X-rays 
were found to be in coincidence with the 0-42 MeV /5-group. A very similar low 
energy (< 50 keV) y-ray spectrum was observed from 12Im Sn produced by the (n, y) 
reaction on enriched 120 Sn. On the basis of this evidence, the 37 keV y-ray and most 
of the X-rays are attributed to the decay of 121m Sn. This 37 keV y-transition is 
presumed to be from a g-j /2 excited state to the d 5 ,2 ground state in 121 Sb. On the basis 
of preliminary measurements the half-life of 12I, "Sn is estimated to be ~25 years. 

<*> R. M. Sinclair, Phys. Rev, 102, 461 (1956). 

<»> G. M. Temmer and N P. Heydenburg, Phys. Rev. 104, 967 (1956). 

<ro) P. H. Stelson and F. K. McGowan, Phys. Rev. 110, 489 (1958). 
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i27Sn- 127 Sb decay 

2.15 hr 127 Sn. Half-lives of 1-5 hr,< 2 * 2 05±0*05 hri 11 * and 2-6 hr (12 > have been 
attributed to 127 Sn by previous investigators. In the present work, 127 Sn samples 
were prepared for study by following the tin procedure described above and by 
allowing 12-14 hr of decay, after irradiation, before the final tin-antimony separation 
was made. These samples contained only a small amount of 10 day 12s Sn and most 
of the 58 min 128 Sn and shorter-lived tin isotopes had /already decayed awdy .when 
the measurements were begun. As shown in Fig. 4, the y-spectrum of 127 Sn is very 
complex and extends to almost 3 MeV. The y-spectrum of 125 Sn is also shown in 
Fig. 4 to illustrate some interesting similarities to the 127 Sn spectrum and to show 
a previously unreported y-ray at 2-23 MeV. The 127 Sn half-life was measured by 
observing the decay of that portion of the y-spectrum between 2 and 3 MeV, where 
the contribution from 128 Sn was completely negligible, and only a slight contribution 
from 125 Sn had to be taken into account. Fig. 5 shows this decay data, which yielded 
a value of 2-15±010 hr for the half-life of 127 Sn. The y-spectrum of the residual 
activity, after decay of I27 Sn, showed the high energy y-rays to be due only to 123 Sn. 



Fig. 4 —y-ray spectrum of 215 hr 127 Sn (upper curve) measured at 10 cm from 
the 3 in. x3 in. Nal(Tl) scintillator. The contribution from 10 day IJ5 Sn has 
subtracted out. The y-spectrum of 125 Sn (lower curve) is included for 

comparison, 

(u > H. Carminatti, I. Franz, R. Radicella and J. Rodriguez, Z. Naturforsch. 11 A, 419 
(1956). 

(lil T. Alvager, J. Uhler and O. Meun, Arkiv fur Fysik, 16, 482A (1960). In a recent 
personal communication with Dr. Alvager, one of the authors (B.J.D.) learned that the 
results reported m this reference were very preliminary and, in fact, were not confirmed by 
later experiments. The final results of their studies have been submitted for publication 
in Arkiv fiir Fysik. 



1306 


B. J. Dropesky and C. J. Orth 


2-5 min 127 Sn. Existence of a ^-emitting isomer of 127 Sn, with a 2’5±l-0 mm 
half-life, was established by making rapid timed separations of antimony from 
fission-product tin solutions and determining the 127 Sb yields. The antimony was 
separated either by carrying it out of 5 M HC1 solution on known quantities of 
preprecipitated Sb 2 S 3 or by stripping the antimony with 0-2 M HC1 from a diethyl 
ether solution of tin complexed with NH 4 CNS. <13) If one uses a 127 Sb independent 
fission yield value of 10 per cent (14) of the mass 127 chain, the present experiments 
show that about half of the remaining 90 per cent of 127 Sb comes from each of the 
two 127 Sn isomers. 



TIME (DAYS) 

Fiq. 5—Decay of the 2-3 MeV portion of the I27 Sn y-spectrum with the 
source 1 cm from the 3 in. x 3 in. Nal(Tl) scintillator. The residual activity, 
which was due to 10 day 12! Sn, was resolved out. 

93 hr i 27 Sb. The half-life of 127 Sb has been commonly quoted to be 93 hr, (l5) 
although somewhat greater values have been reported. <16 > 17) Bosch and Munczek,< 6) 
who measured the decay of the y-spectra of a mixture of antimony isotopes produced 
in 26 MeV deuteron fission of uranium, reported a half-life of 88 ±2 hr for 127 Sb. 
A repetition of this type of measurement was performed in the present study on a 
sample of antimony produced in pile-neutron fission of uranium, in which the 

<”) R. Bock, Z. Analyt. Chem. 133, 110 (1951). 

(l4) A. C. Wahl, R L. Ferguson, D. R. Nethaway, D. E. TROUTNERandK. Wolfsberg, 
Nuclear-Charge Distribution in Low Energy Fission, Washington Univ. (St. Louis) 
Report, June 1961, Phys. Rev. 126, 1112 (1962). 

N. R. Sleight and W. H. Sullivan, Radiochemical Studies: The Fission Products (Edited 
by C. D. Cqrybll and N. Sugarman), NNES, Plutonium Project Record, Vol. 9, 
Div. IV, p. 928. McGraw-Hill, New York (1957). 

<'«) W. E. Grummitt and G. Wilkinson, Nature, Lond. 158, 163 (1946). 

(17, A. C. Fappas, MIT LNS Technical Report 63 (1953). 
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independent yield of 12-5 day 126 Sb is much lower than in high-energy fission. A half- 
life for 127 Sb of 93-95 hr was obtained. In order to eliminate the influence of 12# Sb 
on the determination of the 127 Sb half-life, several careful experiments were performed* 
which involved the measurement of the yield of 9-3 hr 127 Te in transient equilibrium 
with its 127 Sb parent. The antimony fraction from ~ 2 x 1015 fissions was separated 
and punfied after the short-lived antimony activities had decayed, and the resulting 
solution was divided into twelve aliquots. Tellurium' carrier was added 'to, each 
aliquot, and then at two day intervals, starting four days after the original purification, 
the tellurium activity was chemically separated, mounted, and ^-counted. Each of 
the twelve sets of tellurium decay data was computer-analysed to determine the 9-3 hr 
i 27 j e activity at the separation times (corrected for chemical yield and aliquot size). 
From graphical analysis of the yield data from three experiments an average value of 
93-4±T7 hr was obtained for the half-life of !27 Sb Fig. 6 shows the results of one 
of these experiments. 



Fig 6—Yields of 9 3 hr 127 Te in transient equilibrium with the parent l27 Sb 
as a function of separation times. 


Fig. 7 shows the y-spectrum of a 127 Sb sample measured after all 128 Sb had 
decayed. The sample was grown from its purified tin parent and was thereby free of 
independently produced 12 6Sb. Previously reported^- * 8 > energy values for the y-rays 
of l27 Sb resulted from measurements on mixtures of antimony isotopes and are 
somewhat m disagreement with the present measurements (see Table 1). The insert 
of Fig. 7 shows the low-energy y-spectrum of 127 Sb. 

* These experiments were conducted by J. W. Barnes and P. Q. Oliver. 
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Fig. 7 —y-ray spectrum of 127 Sb measured with the 3 in x3 in. scintillator 
at 10 cm distance. The insert shows the low energy portion of the I27 Sb 

y-spectrum. 



Fig. 8 —Decay curve of 128 Sn as determined by measuring the decay of the 0 -75 
,* ■ MeV y-rays of 10 min 128 Sb m equilibrium with its tin parent. 

tfVt - 
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I 

The end-point of the highest energy /?-group of 127 Sb, measured with the 
scintillation spectrometer, is 1 -53 ±0-05 MeV, in agreement with previous vaiues.< 18> **> 

i28Sn- 128 Sb decay 

58 min 128 Sn. The 128 Sn samples were prepared by the method described above 
m Chemical Procedures. To allow for the decay of the short-lived tin activities of 
higher mass number, the final tin separation was not performed until 70 min after 
the end of the irradiation 

The half-life of 128 Sn was measured by observation of the decay of the 0-75 MeV 
))-rays of 10 min 128 Sb which had grown into equilibrium with it. The value obtained 
was 58±5 min (Fig. 8), in good agreement with a carefully determined value previously 
reported, (20) but misassigned to mass 130. 



Fra. 9—y-ray spectra of l2S Sn with 10 min I28 Sb in equilibrium (Curve A) and 
10 min 128 Sb only (Curve B) taken at 1 cm from the 3 in. x3 in. Nal(Tl) 
scintillator, The insert contains the low energy portion of the y-spectrum at 
1 cm from the li in. x H in. Naf(Tl) scintillator; these photopeaks belong 

exclusively to 128 Sn. 

' n] M. C. Day, Jr. and A. F Voigt, Phys. Rev. 101, 1784 (1956). 

(I9) J- P. Mize, J. D. Knioht, J. W. Barnes and J. W. Starner. Private communication. 
I30) I. Franz, J. Rodriguez and H. Caminattt, Z. Naturforsch. 10 A, 82 (1955). 
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The y-spectrum of 128 Sn, which has not been previously reported, was measured 
with the 10 min 128 Sb isomer in equilibrium. The contribution due to 2-15 hr 127 Sn, 
determined later, was subtracted out. Fig. 9 shows both the composite spectrum of 
iMSn-10 min 128 Sb and the spectrum of 10 min 128 Sb alone. Only the small photopeaks 
indicated at ~0-43 and ~0-5 MeV and the distinct peak at 048 MeV in the high 
energy spectrum are associated with 128 Sn decay, whereas all of the labelled y-peaks 
of the low energy spectrum are involved in the decay of 128 Sn. 

10-1 min l2i Sb. Samples of the short-lived isomer of 128 Sb were grown from 
purified 128 Sn- 127 Sn, with growth periods of only 10-20 min in order to minimize the 
production of the longer-lived 128 Sb isomer and 93 hr 127 Sb. The /1-decay curve of such 
a sample, shown in Fig. 10 (Curve A), yielded a half-life of 10-1 ±0-2 min for the 
short-lived 128 Sb isomer, in good agreement with previous measurements. (2 > m 


TIME (MINUTES) 



Fra. 10—Decay curves of the isomers of n! Sb. Curve A is the /1-dccay curve 
of the short-lived 128 Sb isomer (right and top scales). Curve B is the decay curve 
of the 0-75 MeV photopeak of the long-lived it«Sb isomer (left and bottom 
scales); the small contribution due to I27 Sb has been resolved out. 

The y-spectrum of 10 min 128 Sb (Fig. 9, lower curve) is relatively simple, exhibiting 
only the two photopeaks at 0-314±0-005 and 0-747± 0-005 MeV. These energies 
agree well with those previously reported.' 21 * However, the 0-747 MeV peak is too broad 
to be due to a single y-ray and, indeed, it can be arbitrarily resolved into two photo- 
peaks due to 0-740 and 0-755 MeV y-rays of equal intensity. An analysis of a 
scintillation /?-spec(fum gave a value of 2-6±0-3 MeV for the end-point of the highest 
energy /i-group. 

<21) 1. Franz, J. Rodriquez and R. Radicella, Z. Naturforsch. 11 A, 1037 (1956). 
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i 

8*9 Ar 12 *Sb. Samples of the longer-lived isomer of 128 Sb were grown for a period 
of ~ 2 hr from tin purified at about 1 hr after the end of the irradiation. No evidence 
was found for the presence of 129 Sb in these samples. 

The half-life of the longer-lived l28 Sb isomer was originally measured' 2 * to be 

9 hr, although the activity was thought to be 126 Sb. However, more recent measure¬ 
ments give values of 9-6 hr,< 21 > 9-9 hr< 22 * and 10 hr (8 * for the isomer half-life. In the 
present study, a remeasurement of this half-life was made by recording the rate of decay 
of the 0-75 MeV photopeak of the 128 Sb y-spectrum. This technique served to enhance 
the ratio of 128 Sb to 127 Sb y-counts. These measurements were made after 10 min 
nssb had decayed, and corrections were applied for contributions due to the 
small amount of 93 hr 127 Sb present. The average value for the half-life of 
the longer-lived I28 Sb isomer, from several such experiments, is 8-9±0-2 hr. 
A typical decay curve is shown in Fig. 10 (Curve B). 

The y-spectrum of 8-9 hr 128 Sb (Fig. 11, upper curve) is similar to that of the 

10 min isomer with the exception of the additional photopeaks at ~0-43, 0-53 and 
0-64 MeV. In this spectrum the 0 75 MeV photopeak is also too broad to be due to 
only one y-ray. 



Fig. 11—y-ray spectrum of 8 9 hr 128 Sb (upper curve) as measured 15 cm from 
the 3 m. x3 in. Nal(Tl) scintillator. The y-spectrum of 10 min 128 Sb is shown 

in the lower curve. 

The mass assignment of these isomers is well established on the basis of their 
production by high-energy neutron irradiation of enriched 128 Te.< 7 > 22 > Also, one 
of the y-rays contributing to the 0-75 MeV photopeak in the I28 Sb y-spectra is un¬ 
doubtedly due to the E2 transition from the first excited state to the ground state 
of * 28 Te.< 8 > »• io) 


,22) A. C. Pappas. Private communication to National Academy of Science—National 
Research Council, April 1957. 
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12e Sn- !29 Sb decay 

6 min 129 Sn. In the present study, experiments were carried out to determine 
the half-life of 129 Sn< 23) by both direct and indirect methods. In the indirect measure¬ 
ment, the yields of 129 Sb were determined in samples of antimony separated in rapid 
succession from a freshly prepared fission-product tin solution. The separations, 
which employed the Sb 2 S 3 method described previously for the determination of the 
half-life of the short-lived 127 Sn isomer, were made at 3 min intervals starting 10 min 
after the end of a 30 sec irradiation. This measurement yielded a value of 6± 1 min for 
the half-life of 129 Sn. 

What is presumed to be a direct measurement of the 129 Sn half-life was made by 
recording a series of y-spectra of a sample of fission-product tin which had been 
purified rapidly by the distillation method. The final separation of antimony was 
performed 29 min after the 30 sec pile irradiation of 235 U. Analysis of a series of 
y-spectra beginning 2 min later and taken at 4 mm intervals indicated the presence 
of an~6 min activity in addition to a large amount of 58 mm 128 Sn and its 10 min 128 Sb 
daughter. They-spectrum of the—6 min activity exhibited a prominent photopeak at 
~ 115 MeV and a very complex structure extending to over 3 MeV In a similar experi¬ 
ment in which the recording ofthe first y-spectrum was begun at 22 min after the end of the 
irradiation, additional strong peaks were observed at 0-2 and 0-82 MeV. These 
two peaks decayed with a short half-life, and, as will be discussed later, are believed to 
belong to 130 Sb. The decay of the high-energy portion (2-8—3 -1 MeV) of this spectrum, 
which is assumed to be associated with 129 Sn, was carefully followed. Analysis of 



CHANNEL NUMBER 

Fro. 12—y-ray spectrum of 4 24 hr I2, Sb measured with the 3 in. x 3 in 
* Nal(Tl) scintillator at a distance of 5 cm. 


<23> In a recent personal communication with one of the authors (C.J.O.), Pappas reported 
having observed two isomers of 129 Sn with half-lives of 8 mm and — 1 hr. 
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these data yielded a half-life of 6-4± 1 -0 min. This value, combined with the value 
from the timed Sb^ separation method, gives a half-life of 6-2±l-2 min for J 29Sn. 
No evidence was found for a longer-lived isomer of 129 Sn in the half-life range 
6-2-120 min.* 12 - 23> 

4-24 hr 129 Sb. Samples of 129 Sb were prepared from fission products by the method 
described above in Chemical Procedures. To allow time for the decay of the shorter- 
lived antimony activities, such as 130 Sb and 131 Sb, which might interfere with radiation 
measurements, the distillation of the antimony was performed 5 hr after the end of the 
irradiation. The y-ray spectrum of 127 Sb, as shown in Fig. 12, was recorded when 
contributions from 8-9 hr 128 Sb and 93 hr 129 Sb were negligible. The indicated photo- 
peak energies are m fair agreement with those listed by Day and Voigt< 18) for 129 Sb; 
however. Day and Voigt reported no y-rays with energies greater than 0-788 MeV. 

The half-life of ,29 Sb has been reported to be 4-6±0-l hr< 17 > and 4-2 hr.< 24 > 
In the present study this half-life was remeasured. In order to avoid interference due 
to 126 Sb, 127 Sb, 127 Te, 128 Sb and 1M Te which would unavoidably be present or grow 
in, in small-to-moderate amounts, use was made of the fact that only 129 Sb emits 
y-rays of energies greater than ~ 1 -3 MeV. The decay of that portion of the i 29 Sb 
y-spectrum between 1-38 and 2 5 MeV was followed with the 3 in X3 in. Nal(Tl) 
scintillator and single channel analyser To eliminate interference from y-y summing 
effects, 15-8 g/cm 2 of Pb was interposed between the source and detector. The 
resulting decay data from two such experiments yielded a half-life value of 4-24± 
0 10 hr. a typical set of data, with background subtracted, is shown in Fig. 13. 



Fig. 13— Decay curve of the 1-38-2-5 MeV portion of the 129 Sb y-spectrum 
measured through 15-8 g/cm 2 of Pb with the 3 in. x 3 in. NaI(Tl) scintillator 

!24 » P. H. Abelson, Phys. Rev. 56, 1 (1939). 
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laosb isomers 

37 min 130 Sb. Two 130 Sb isomers with half-lives of 7*1 ±0*3 min and 33±1 min 
have been reported by Pappas,^ who produced these activities by fast-neutron 
irradiation of enriched 130 Te. In the present work a preliminary investigation was 
made of the decay of these isomers, produced in fission. In a study of the longer-lived 
isomer, the final antimony purification was performed ~ 2 hr after the end of the 
irradiation to allow time for decay of the shorter-lived antimony activities, including 
20 min 131 Sb. 4-2 hr 129 Sb was the predominant interfering activity remaining. 
The y-spectrum shown in Fig. 14 is the net 130 Sb spectrum obtained by the subtraction 
of the 129 Sb- 129 Te spectrum. The odd dip in the spectrum at about channel 35 is due 
to the fact that 67 min 129 Te, which emits a 0 475 MeV y- ray,* 25 * had not grown into 
equilibrium with I29 Sb when the early gross spectrum was measured. The 0-825 MeV 
photopeak appears to be due to at least two y-rays on the basis of its half-width and 
preliminary y-y coincidence measurements. One of the y-rays contributing to this 
photopeak is apparently due to the E2 transition from the first excited state to the 
ground state of 130 Te/ 8 - 101 



Fio. 14—y-ray spectrum of 37 min l30 Sb obtained after subtraction of the 
i»Sb-i29Te spectrum. Measurements were made at 5 cm from the 3 in. x 3 in. 
scintillator. The dip in the spectrum at about channel 35 is due to the fact that 
67 min 129 Te, which emits a 0 475 MeV y-ray, had not grown into equilibrium 
with 129 Sb when the early gross spectrum was measured. The insert shows the 
y-spectrum of 6 min 130 Sb measured with a 2 in. x2 in. NaI(Tl) scintillator at 
8 cm distance. A small contribution due to 10 min 128 Sb has been removed. 

Measurement of the half-life of the longer-lived 130 Sb isomer is complicated by the 
unavoidable presence of a very large amount of 129 Sb activity in the samples. Pre¬ 
liminary y-y coincidence studies indicated that the 0-33 and 0-825 (complex) MeV 
y-rays of 130 Sb are in coincidence. An experiment was performed which involved 
the measurement of the decay of coincidences between the 0-33 MeV pulses in one 
scintillator and the 0-825 MeV pulses in a second scintillator. The results, shown in 
Fig. 15, yielded a half-life value of 37 ±3 min for 130 Sb, in fair agreement with 
Pappas’* 22 * value. 

to) w. E. Graves and A. C, G. Mitchell, Phys, Rev. 101, 701 (1956). 
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6 min DOSb. The 0-2 and 0-82 MeV photopeaks observed in the y-spectrum of the 
tin sample recorded 22 min after the end of a short irradiation (see Section 6 min 129 Sn) 
were not observed in the spectrum of the tin sample that took 9 min longer to separate 
and purify. This suggested the presence of 13 <*Sb which had grown from a very short* 
lived (< 3 min) tin parent; Pappas reported a half-life of 2-6 min for 130 Sn,< 26 > 
The 0-2 and 0-82 MeV y-rays were shown to be associated with the antimony activites 
grown from a fission-product tin sample during the time interval 12-5-14-5 min 
after the end of a 30 sec pile irradiation of 235 U. Purification of the antimony was 
started 6-5 min after the end of the growth period. In addition to the 0-20 and 0-825 
MeV y-rays shown in the Fig. 14 insert, the 0 32 and 0-75 MeV y-rays of 10 min 
i2*Sb were observed but were subtracted out of the spectrum presented. The former 



Fra. 15—Decay of 0-33-0-82 MeV y-y coincidences of u°Sb in the presence of 

i29Sb-i»Te. 


two y-rays peaks decayed with a 6-0± 1-5 min half-life and are assigned to an isomer 
of l3( *Sb on the basis of the similarity of the 0-825 MeV peak to that observed in the 
37 min 13( >Sb spectrum. This assignment is in agreement with the work of Pappas. <22 > 
Low intensity y-rays of 1-03 and 1-16 MeV are also attributed to 6 min 33 <>Sb. The 
0-2 MeV y-ray observed from 6 min 130 Sb is probably the same as the 0-19 MeV y-ray 
observed from 37 min I30 Sb. 37 min 13 <>Sb was not observed to grow from 130 Sn. 

<J4> A. C. Pappas and D. R. Wiles, J. lnorg. Nucl. Chem. 2, 69 (1956). 
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Table 1.—Summary of the present work 


Nuclide 

n 

Principal y-rays (MeV) 

Max. Ep (MeV) 

I26 Sn 

~10 5 years 

~ 0-060, ~0 067, 0 092 

<0-225 

n«Sb 

19 0 ±0-2 min 

0-415, (0-665, 0 68) 

1-95+0-15 

i2«sb 

12-5 ±0 2 days 

0-29, 0-415, 0-58, (0-665, 0 68, 0 70), 0-85, 0-99 

1-95+0-15 

>«Sn 

2-15 ±0-10 hr 

0-12, 0-27, 0-44, 0-495, 0-58, 0-825, 0-99, 1-10, 
1-48, 1-60, 2-00, 2 14, 2-32, 2 58, 2-68, 2-82 


nw>Sn 

~2-5 mm 

Spectrum not measured 


127 Sb 

93 -4 ± 1 7 hr or 

0 062, 0-250, 0 30, 0 41, 0-470, 0-55, 0-60, 0-686, 



3 89 ±0-07 days 

0 78, 0-92, 1-10, 1 30 

1-53 ±0-05 

128 Sn 

58 ± 5 min 

0-044, 0 075, 0 154, 0-43, 0 48 


i2»Sb 

101 ±0-2 mm 

0 314, (0 740, 0 755), 0 91 

2-6 ±0-1 

iMSb 

8-9 ±0 2 hr 

0 314, 0 43, 0-53, 0-64, (0 740, 0 755), 0 91 


>»Sn 

6-2 ±T2 mm 

—1-15, many others to 3 1 


i»Sb 

4 24 ±0 10 hr 

0 18, 0 31-0 36 complex, 0-535, 0 66 complex, 
0 81,0 92, 1-04, 1 24, 1 3, 1 75, 2 1 


>3°Sb 

37+3 min 

0 19, 0-33, 0 825 (complex), 0-938 


u»Sb 

6-0 + 15 min 

0 20, 0-825 (complex), 1 03, 1 16 



Therefore, it is estimated that at least 90 per cent of the 13,, Sn decays go to the 6 min 
130 Sb isomer The lack of evidence for the presence of 23 min nl Sb in the above 
sample suggests that the half-life of its m Sn parent is <2 mm, in contrast to the 
reported half-life of 3-4 min <M > 
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Los Alamos reactor in providing the neutron irradiations Thanks are also due to Dr 
J. D. Knight for many helpful discussions, to C C Lonqmire for assistance with the rapid 
chemical separations done at the reactor site, and to R F Chavez for help in processing the 
experimental data. 
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ISOMERIC STATES OF 92 Nb* 
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Abstract—The literature reports the existence of isomeric states of 92 Nb with half-lives of 
21 6 hr, 13 hr, 5 -9 psec, and 191 min. Evidence is presented which indicates that all but the 
5 9 fiscc isomer are in error. In connection with this investigation, the following total ’ 
activation cross sections for 14-7 MeV neutrons have been measured- ,2 Mo (n, p) 92 Nb 
(10 1 days + 5-9 psec), 60 ±15 mbarns; and 92 Mo (n, a) 85 Zr (79 0 hr+4 4 min), 20 ±8 mbams. 

INTRODUCTION AND DISCUSSION 

The literature contains reports of isomeric states of 92 Nb with half-lives of 21 -6 hr* 1 *, 
13-1-2 hr,< 2 > 5-9±0-5 psec,< 3 > and 191 ±3 min.< 4) Evidence is given in the present work 
that all but the 5-9 psec isomer are incorrect 

The 21-6 hr activity 

WiedenbeckO) in 1946 proposed the 21-6 hr half-life on the basis of an experiment 
in which niobium was bombarded with 10 MeV deutrons to produce the ( d,t ) 
reaction. Half-lives of 21-6 hr and 11 days were found and assigned to 92m Nb and 
92*Nb, respectively, on the basis that both periods followed similar excitation functions 
with thresholds of 5-6 MeV and that a 21 hr activity had been found in proton 
bombardments of zirconium Radiochemical separation was not done. 

It is now known that a similarity in excitation functions is not a valid argument 
in the assignment of isomeric states; indeed, isomeric yields in nuclear reactions are 
known to vary with energy.< 5 > Furthermore, the 21 hr activity from proton bombard¬ 
ment of zirconium is now well established 16 * as 23 hr 96 Nb. 

We have been unable to confirm the 21 6 hr activity by means of the 93 Nb (n, 2n) 
and the 92 Mo («, p) reactions at 14-7 MeV, as reported beloVv. Neither have Silva 
et alST> found a 21-6 hr period m studies of ( 7 , n ) and ( 7 , 2 ri) reactions of niobium. 

* Supported in part by the U.S. Atomic Energy Commission 

t Present address : Department of Physics, Marquette University, Milwaukee 3, 
Wisconsin. 

(1> M. L. Wiedenbeck, Phys. Rev. 70, 435 (1946). 

(2) R. A. James, Phys. Rev. 93, 288 (1954). 

(1) R. B. Duffield and S. H. Veoors, Phys. Rev. 112, 1958 (1958). 

,4) M. Bocciolim, G. di Caporiacco, L. Foa and M. Mando, Nuovo Cim. 16, 780 (1960). 
(51 See, for example, S M. Bailey, Report UCRL-8710 (1959). 

(6) Nuclear Data Cards, National Academy of Science-National Research Council, 
Washington 25, D. C. (1961). 

l1) E. Silva, J. Goldemberg, P. R. Smtth and V. L. Marquez, Nuovo Cim. 9, 17 (1958). 
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The 13±2 hr activity 

A13 ±2 hr activity was reported in 1954 from proton bombardment of niobium to 
produce the (j>, pri) reaction.® The assignment to 92m Nb was supported by radio¬ 
chemical separation on spectroscopically pure Nb 2 05 and by the similarity of the 
13 hr and 101 day 92 *(Nb) excitation functions. No positrons or annihilation g ammas 
were found to be associated with the 13 hr activity, which decayed by electron capture 
(K X-rays observed) followed by emission of a 2-35 MeV gamma. 

Silva et a/.* 7) in a study of (y, n) and (y, 2 n) reactions of niobium were unable to 
detect the 2-35 MeV, 13 hr gamma and placed an intensity limit on it of 0-02 per cent 
of the intensity of the 0-93 MeV, 101 day 92 *Nb gamma. 

Neither Bocciolini et al. i4) nor Bramlitt and Fink< 8 > were able to observe 
the 13 hr activity through the 93 Nb (n, 2 n) reaction at 14-7 MeV. Bocciolini et alM> 
placed an upper limit on the cross-section ratio for activation of 13 hr 92m Nb/101 
day 92, Nb activities at 4x 10 _ 5, while Bramlitt and Fink gave an upper limit of 
1 •2 mbams for the 93 Nb («, 2n) reaction leading to 13 hr 92m Nb, assuming that the 
2-35 MeV gamma occurs in 100 per cent of the 13 hr decays. Furthermore, Matuszek® 
was able to produce only the 10-1 day ground-state of 92 Nb in 93 Nb («,a’n) reactions 
at 28, 36, and 42 MeV, a-spectra of radiochemically separated niobium revealing only 
the 0-93 MeV, 10-1 day 92 *Nb gamma. No 13 hr activity appeared in integral 
y counting. 

The 5-9±0-5 a sec activity 

In 1958 Duffield and Vegors® found the 5-9 psec, 88 keV activity in irradiations 
or niobium with bremsstrahlung from a 22 MeV betatron. The activity was ascribed 
to 92m Nb on the basis that its threshold is about 88 keV greater than the threshold 
for the ground-state. 

Bocciolini et a/.M) did not observe the 5-9 psec, 88 keV isomeric state in 14 MeV 
neutron irradiations of niobium. They accounted for this by assuming that the 88 keV 
state has a lower spin than the ground-state, and that the 191 min “isomer” had a 
higher spin. Clearly, this argument does not rule out the 5-9 //sec 92m Nb isomer, 
since the 191 min period does not belong to 92 Nb, 

Since no isomeric state is known which would feed the 88 keV state, and as no 
other fast studies have been made, it is reasonable to accept the 5-9 /tsec period as an 
isomer of 92 Nb. 

The 191 ±3 min activity 

Bocciolini et a/.* 4 > and Bramlitt and Fink® found the 191 min period in 14 7 
MeV neutron bombardments of niobium, but this activity definitely can be ascribed 
to the newly discovered 3*1 hr 90m Y isomer, which has since been produced by several 
different methods, including radiochemical separation from 14*7 MeV neutron 
bombarded niobium.* 8 - 10 - 

*8) E. T. Bramlitt and R. W. Fink, /. lnorg. Nucl. Chem. 24, 1548 (1962). 

J. M. Matuszek, Jr. Private communication (1961). 

< 19 > L. Haskin and R. Vandenbosch, Phys. Rev. 123, 184 (1961); R. L. Heath, J. E. Cline, 
C. N. Reich, E. L. Yates arid E. H. Turk, Ibid. 123, 903 (1961); W. S. Lyon, J. S 
Eldridge and L. C. Bate, Ibid. 123, 1747 (1961); J. M. Ferguson, Nucl. Phys. 27, 344 
(1961). 

*ii> W. L. Alford, D. R. Koehler and L. E. Mandeville, Phys. Rev. 123, 1365 (1961). 
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EXPERIMENTS AND RESULTS 

In attempts to produce the 13 and 21*6 hr activities, we have irradiated both 
natural molybdenum (as foil, metallic powder and oxide) and 92*1 per cent enriched 
92Mo oxide with 14*7 MeV neutrons from the Arkansas 400 kV Cockcroft-Walion 
accelerator. Bombardments lasting up to 14 hr with neutron outputs ranging between 
1-1 XlO 11 and 5*0xl0 10 neutrons/sec were carried out to produce the 92 ^fo (n,p) 
reaction. A 3 X 3-in. NaI(Tl) scintillation spectrometer and RIDL 200-channel 
transistorized analyser were used to follow the 7 -spectra of the irradiated samples. 
No evidence for a 13 hr, 2*35 MeV gamma could be found with any of the samples. 
An upper limit on the 92 Mo (n,p) cross-section for formation of the 13 hr isomer was 
set at 600 /ibarns at 14*7 MeV, relative to the 22 A1 (n, at) 24 Na (15 hr) monitoring 
reaction (114 mbams). Also, with enriched 92 Mo oxide, no gammas (<4 MeV) were 
observed to decay with a 21*6 hr half-life; furthermore, gross beta counting using 
an end-window beta proportional counter revealed neither 13 hr nor 21 *6 hr activities. 

To examine the possibility that a 13 hr acitivity existed in these irradiated samples 
that does not emit a 2*35 MeV gamma, the K X-ray spectra of both molybdenum and 
niobium samples bombarded with 14*7 MeV neutrons were followed with a thin 
(2 mm) NaI(Tl) crystal fitted with a 0 005-in. thick beryllium window in conjunction 
with the 200 -channel analyser. With irradiated niobium, the decay of the K X-rays 
exhibited half-lives of 6 min [ 94, "Nb from the (n, y) reaction] and 10 days ( 92 *Nb) only. 
The irradiated molybdenum samples exhibited some short-lived components which 
disappeared in about 5 hr, then exhibited no apparent decay in the next 24 hr. 

While analysing the y-spectra of irradiated molybdenum samples, the decay of the 
0-934 MeV and 0-915 MeV gammas, associated with 10-1 day 92 Nb and 79-0 hr 
89 Zr, respectively, <6) was followed so that it was possible to determine the total 
activation cross sections: 92 Mo(n,/?) 92 Nb (10-1 day+5-9 /isec), 60±15 mbarns; and 
92 Mo(n,a) 89 Zr (79-0 hr+4-4 min), 20±8 mbams. These cross sections represent 
formation of both isomers since essentially all (93 per cent) of the 4-4 mm 89 Zr isomer 
decays to the ground-state (<5) while presumably all of the 88 keV 5-9 /isec 92 Nb isomer 
does so as well (no decay scheme for the latter, however, is reported). The counting 
corrections and techniques used in obtaining these cross sections are the same as 
reported by Bramlitt and Fink.W 

Since the cross-section ratio for formation of 3*1 hr so™y/64 hr 9o*Y is ~ 0-3 at 
14 MeV from the "Zr (n,p) reaction/ 11 * 121 one might expect a priori that at the same 
energy a similar isomeric yield ratio might obtain for the 92 Mo (n,p) reaction. Since 
the 92 Mo (n,p) 92 Nb (10-1 days+5-9 psec) reaction cross section as measured in the 
present work is 60±15 mbarns, a cross-section of about 18 mbams might be expected 
for the 92 Mo (n,p) reaction leading to 13 hr or 21 -6 hr isomers. This is a factor of 
thirty times larger than the sensitivity limit (600 /xbarns) of the present experiments 
for the detection of a 13 hr, 2*35 MeV gamma (with a similar sensitivity in the 
K X-ray experiments as well). 

These results clearly suggest that the assignments of 13 hr and 21*6 hr periods 
as 92m Mb are in error. 

1121 B. P. Bayhurst and R. J. Prestwood, Report LA-2493 (1960); V. L. Sailor, Ed., 

U. S. AEC Report, WASH-1021 (1959); J. E. Brolley, J. L. Fowler and L. K. Schlacks, 

Phys. Rev. 88, 618 (1952); C. H. Reed. Ph.D. Thesis, University of Utah (1960). 
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Since the 92 Mo (n,p) cross-section to the 10-1 day 92 *Nb is no greater than 60- 
mbarns, considerably smaller than the value of 288 mbarns predicted from systematics 
of (n,p) reactions at 14-15 MeV,< 13 > an independently-decaying isomer of 92 Nb would 
account for the difference. An as-yet-undiscovered isomer of 92 Nb, therefore, might 
exist. On the other hand, the low ( n,p ) cross-section may be a result of competition 
from the (n,np) reaction, which leads to a product nuclide having a closed shell of 
fifty neutrons. Such an explanation is supported by the data of Colli et al. il4 > m 
which the ( n,p)/(n,np ) cross-section ratio on 92 Mo was found to be very low, namely, 
0-277. 

Acknowledgements —We are indebted to C. Caldwell, Jr and the crew of the Accelerator 
Laboratory for assisting with the bombardments. 

(13) D. G. Gardner, NuclearPhys. 29, 373 (1962). 

L. Colli, U. Facchini, 1. Iori, M. G. Marcazzan and A M. Sona, Nuovo Cim . 13,730 
(1959). 
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ABSOLUTE ACTIVATION CROSS SECTIONS FOR 
REACTIONS OF NIOBIUM WITH 14-5 MeV NEUTRONS* 

E. T. Bramlitt and R. W. Fink| lt 

Department of Chemistry, University of Arkansas, Fayetteville, Arkansas, U.S.A. 

(Received 2 February 1962) 

Abstract —Absolute neutron activation cross sections at 14-5 MeV have been measured for 
the mono-isotopic nuclide, 93 Nb, by means of y-scintillation spectroscopy and jS-propor- 
tional counting as well as by the use of chemical separation techniques. The observed 
reactions, product half-lives, and cross-sections are as follows - 93 Nb (n, 2 n) 92 *Nb, 10-1 days, 
499±91 mbarns; 93 Nb («, y) 94 , "Nb, 6 6 mm, 0 44 ±0 25 mbams; 93 Nb (», a) 90 *Y, 64 hr, 
8 6 ±2 5 mbarns, 93 Nb (n, a) 90 m Y, 3-0 hr, 5 9 ±2 0 mbarns, 93 Nb (n, n'a) s 9 m Y, 16 sec, 
2 5 ± T1 mbams. No activity was observed in the zirconium fraction, the («, p) product, nor 
was the 13 hr 92m Nb produced through an («, In) reaction Half-lives of 90m Y and S9m Y were 
determined by least squares analysis to be 3 02 ±0 09 hr and 16-3 ± 1 -3 sec, respectively. 

Neutron activation cross-sections of niobium have been measured at 14 - 5±0 - 9 MeV 
as part of a more extensive investigation of the neutron induced nuclear reactions on 
nuclides Z which lead to the (Z-2) products. The reactions which are energetically 
possible at 14 MeV for most nuclides and which are being considered include the 
(n, 2p), ( n , 3 He), (n, a), («, n'a), and the (n, 6 He) 

EXPERIMENTAL 

Neutrons of 14 5 ±0-9 MeV are produced by deuteron bombardment (400 keV) of ZrT 
or TiT targets using the University of Arkansas Cockcroft-Walton accelerator. Total 
neutron yields, as measured by both a BF 3 “long counter” and an a-counter, were between 
10 9 and 10 11 neutrons/sec. 

The niobium samples irradiated were in most cases in the form of spectroscopically pure 
powder, rod, or the pentoxide, otherwise, niobium foil or potassium hexaniobate of purity 
greater than 99 9 per cent was used. During irradiation, samples were surrounded with 
cadmium foil so as to remove any thermal neutrons present in the neutron beam. 

Chemical separations were performed on irradiated samples of niobium pentoxide and 
potassium hexaniobate by first dissolving them in hydrofluoric acid and then adding zirconium 
and yttrium carriers The yttrium fluoride precipitate which forms immediately was dissolved 
m a mixture of boric and nitric acids, precipitated as the hydroxide, and ignited to the oxide in 
which form it was counted. Zirconium was precipitated as the barium fiuorozirconate while 
niobium was recovered as the hydroxide and then ignited to the oxide. 

Gross /^-counting was carried out with either an aluminium-walled methane flow 
proportional counter fitted with a 0 9 mg/cm 2 aluminized Mylar end-window or a windowless 
proportional counter y-rays were measured with a 3 x 3-in Nal(Tl) scintillation spectro¬ 
meter and RIDL 200-channel analyser. For X-ray measurements a 25x2-mm NaI(Tl) 
crystal with beryllium window was used in conjunction with the RIDL analyser Counting 
corrections were made as described in a previous paper.* >> 

•Supported in part by the U S Atomic Energy Commission 

tPresent address: Department of Physics, Marquette University, Milwaukee 3, Wisconsin. 

(l) E. T. Bramlitt, R. W. Fink, D G. Gardner and A. Poularikas, Phys. Rev 125, 297 
(1962). 
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The neutron flux passing through each sample was determined by placing thin foils of 
copper (0*00023 in.) and/or aluminium (0*001 in.), having the same area as the sample, in 
front and behind of the sample and making use of the reactions 43 Cu (/», 2n) S 2 Cu, **Cu (n, 2n) 
**Cu, and 27 A1 (n, a) 24 Nawith cross-sections of556 ±28, ,2) 954 ±130,< J >and 114+7 mbarns,< 3 > 
respectively. When /? counting of these monitors was performed, the 9-9 min (4> Cu 62 and 
15*0 hour 24 Na were assumed to be counted with 100 per cent efficiency whereas for 
the 12-8 hr 64 Cu, a 62 per cent efficiency was assumed. To serve as a monitor by means of 
y-sdntillation spectrometry, the area under the 0-31 MeV annihilation photopeak from 
62 Cu and <4 Cu (98*2 and 19 per cent of decays, respectively) and the 1 -37 MeV (100 
per cent) photopeak from 24 Na was measured (all 7 -peak areas were measured with a com¬ 
pensating polar planimeter). 

In determining the cross-section for production of 16 sec tim Y by the (n, n'a) reaction, 
spectroscopically pure niobium and copper powders were intimately mixed in a ratio of about 
10 to 1 (by weight) insuring identical sample and monitor geometry. A newly installed fast 
transport system was used which permits the sample to be sent from the target to the counting 
position in less than a half-second. 


ERRORS 

The errors affixed to cross-section values reported in this work are probable errors 
based on a propagation of the estimated errors in the various terms used in calculating 
the cross-section, i.e., the duration of bombardment, activities at the end of bombard¬ 
ment, half-lives, sample and monitor weights, and monitor cross-sections. The errors 
in the activities include the errors in any terms used in obtaining absolute disintegration 
rates, e.g., scattering and absorption factors, peak-to-total ratio, internal conversion 
coefficients, and efficiencies. Errors in weights, half-lives, and duration of bombard¬ 
ment were usually negligible; on the other hand, counting correction factors were 
estimated to be within 5 per cent correct and photopeak areas and chemical yields 
within 10 per cent correct. The estimated errors used for the monitor cross sections 
and conversion coefficients were actually the standard deviations for these values as 
taken from the literature. 


RESULTS 

«Nb («, 2 n) »2»Nb 

The 0*93 MeV gamma associated with the decay of 10*1 day 92 *Nb (98 per cent) 
was counted to determine the cross section for the ( n, 2n) reaction on 93 Nb. A value of 
499±91 mbams (Table l)was obtained from several measurements, using both copper 
and aluminum foils as flux monitors. 

«Nb (n, 2n) « m Nb 

No 13 hr 92m Nb was observed to be produced in bombardments of niobium as 
indicated by the absence of the 2*35 MeV gamma which occurs in 100 per cent of the 
decays of this isomer. An upper limit for the reaction of 1*2 mbams was obtained 
by drawing in a photopeak corresponding to a 2*35 MeV gamma of such size that it 
would have been seen if present and after making the usual counting corrections, 
comparing it to the 7 -photopeak of the monitor. 

«> S. Yasumi, J. Phys. Soc. (Japan) 12, 443 (1957). 

< 3 > A. PoularkaR and R. W. Fink, Phys. Rev. 115, 989 (1959). 

(4> Half-lives and other decay information cited in this paper, unless otherwise stated, are 
taken from Nuclear Data Cards, National Academy of Science, National Research 
Council, U. S. Goverment Printing Office, Washington, D. C. 
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«Nb (a, y) ^"Nb 

X-ray spectra of irradiated niobium indicated the presence of the 6-6 min 
isomer which would have to be produced by an ( n, y) reaction. Almost complete 
absence of a 0-04 MeV gamma in the X-ray spectra implies that the ^"Nb is about 
100 per cent converted. The cross-section for its production was thus determined by 
counting irradiated niobium foils ( 0-001 inch) in a windowless proportional counter 
and assuming 100±20 per cent efficiency for counting the conversion electrons and 
X-rays. A value of 0-44±0-25 mbams was obtained (Table 1). 

«Nb (n, p) «Zr 

The (n,p) product produced from niobium is 9x 10 5 year 93 Zr which is too long- 
lived to be observed by the activation methods employed. Chemical separations on 
irradiated Nb 2 05 were performed, however, to remove any zirconium activities. No 
activities followed the zirconium fraction (the time of separation being about 45 min) 
indicating no short lived (> ~10 min) isomers of 93 Zr. 

«Nb («, a) Y» 

The cross-section for production of 64 hr g o*Y was determined by gross ^-counting 
to be 8-6±2-5 mbarns (Table 1) using both copper and aluminium monitors. Several 
determinations were made with and without chemical separations being performed. 
» 3 Nb ( n , a) so™y 

The recently reported 3-1 hr isomer <5 - 8> of 90 Y has been produced in bombard¬ 
ments of niobium through the ( n , a) reaction. The isomer decays to the ground state 
of 90 Y through two cascade y-rays of energy 0-48 and 0-20 MeV. Total conversion 
coefficients for these two gammas have been measured by Heath, et alS 6 > and found 
to be 0-11 ±0-02 and 0 03±0-01, respectively. L. Haskin< 5 > determined values of 
0-10±0-02 and 0-036 ±0-007. The area under the 0-48 MeV y-photopeak was 
measured and compared to that of the 0-93 MeV photopeak from 92r Nb produced by 
the («, 2n) reaction. Using an average of the reported values for the conversion co¬ 
efficient and a value of 499±20 mbarns for the cross-section of the internal monitor, 
it was possible to determine the ( n , a) cross-section to be 5-9±2-0 mbarns (Table 1). 
Single channel decay of the 0-20 MeV gamma followed a straight line for over seven 
periods to background with a half life at 3-02 ±0-09 hr as determined by a least 
squares analysis. 

The 3 hr y-emitter also was observed in gross /?-decay of the yttnum fraction from 
niobium bombardments as a result of its conversion electrons. By assuming that the 
^-proportional counter detects no gammas, then the true activity of the isomer will 
equal the observed activity divided by the probability that a gamma is converted. 
This probability is determined from the following expression: 


a.i+tXz+u.iO.2 

where oq and a 2 are the total conversion coefficients for each gamma. The above 
(5) L Haskin, Phys. Rev. 123, 184 (1961). 

(<s) R. L. Heath, J. E. Cline, C. W. Reich, E. C. Yates and E. H Turk, Phys. Rev 123, 903 
(1961). 

(7> W. L. Alford, D. R. Koehler and C. E. Mandeville, Phys. Rev. 123, 1365 (1961). 

(8> W. S. Lyon, J. S. Eldridoe and L. C. Bate, Phys. Rev. 123, 1747 (1961). 
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expression takes into account the possibility that the two gammas are converted 
simultaneously and counted only as one event. Using the value of 0-12±0-06 for this 
probability, the cross-section for formation of as determined by ^-counting was 
comparable to the results obtained from gamma counting. 

93Nb (n, n'a) 

An activity decaying with a half life of 16-3 ± 1 -3 sec was observed in the bombard¬ 
ments of spectroscopically pure niobium rod and powder. The y-spectra showed 
only a 0-91 MeV gamma decaying with this period (single channel decay of the 0-91 
MeV gamma followed straight for over five periods to background) indicating * 9m Y 
had been formed. Such a nuclide would be produced through the (n, n'a.) reaction. 
A cross-section was determined relative to the 9-9 min 62 Cu, assuming a negligible 
amount of conversion of the 0-91 MeV gamma, to be 2-5± 1-1 mbarns (Table 1). 


Table 1.—Cross-section for reactions of niobium at 14 5 MeV 


Reaction 

Product 

half-life 

Measured cross-section 
(mbarns) 

Present work Literature 

93 Nb (n, 2 n) 9 “Nb 

10T days 

499+91 

430 + 70< 9 > 

530 ±600°) 

93 Nb (n, hi) 92m Nb 

13 hr 

<1-2 


93 Nb (n, y) 9w Nb 

6 6 min 

0-44 + 0 25 


93 Nb (n, a) 90g Y 

64 hr 

8 -6+2-5 

9-5 ±5(11) 

9-0 ±2-2‘i2) 

93 Nb (n, a) 90m Y 

3 02 hr 

5 9 ±2 0 

5 +2<i) 

93 Nb («, n'a) ® 9 “Y 

16-3 sec 

2 -5 ±11 



* Errors are probable errors based on a propagation of the estimated fractional error in 
all terms used in calculating the cross sections. 

DISCUSSION 

The ( n, 2n) and («, a) cross-sections determined m the present work agree well 
with those reported in the literature. The ( n , a) cross-section for formation of ^Y 
was obtained by using experimentally measured conversion coefficients and agrees 
well with the value reported by Alford, et al (7 > which was calculated from theoretical 
values of the conversion coefficients 

Coleman* 13 ! measured the (n, y) cross-section for many nuclides at 14 MeV 
and found values ranging between ~ 1 and 10 mbarns. Wille and Fink< 14 > have also 
reported (n,y) reactions at 14 MeV for several nuclides in the rare earth region. Diven 
et a/. (15) have shown that the (n, y) reaction on niobium is significant (35 mbarns) at 
1 MeV. Thus, the fact that it is observed at 14-5 MeV seems reasonable. The 
cross-section may even be low because of the assumption that the counting efficiency 
was 100 per cent. Most conversion electrons from 94m Nb will be absorbed by the 
sample, whereas probably not all of the X-rays are stopped in the sensitive area of 
the counter chamber. 

<») H. Vonach and H. Munzer, Osterr. Akad. Wiss ., Nr. 6, 120 (1959). 

,10 > V. L. Glaoolev and P. A Yampolskii, Zh. Eksptl. i Teoret, Fiz . 40, 743 (1961). 

( u> B. P. Bayhurst and R J. Prestwood, Report LA-2493 (1960) 

(12 > H. G. Blosser, C. D. GooDMAN'and T. H. Handley, Phys. Rev. 110, 531 (1958). 

<i3> R. F. Coleman, Proc Phys. Soc 72, 505 (1958). 

<i«> R. G. Wille and R. W. Fink, Phys. Rev. 118, 242 (1960). 

'Di B. C. Diven, J. Terrell and A Hemmendingbr, Phys. Rev. 120, 556 (1961). 
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The ratio of the (n, a) cross-section to (n, n'a) cross-section is roughly four. 
Results of the same order of magnitude have been obtained with other nuclides in this 
laboratory and will be reported at a later date, Neuert< 16) has also observed the. 
(n, n'a) reaction with 51 V, «>Ga and #5 Cu at 14 MeV with cross-sections about 3 to ^ 
as large as the ( n,a ) cross-section, 

I 

<i«) H. Nbuert. Private communication (1961); M. Bormann, S, Cibrjacks, R. Lanokau 
and H. Neuert, Z. Physik, 166, 477 (1962). 
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neutron-induced reactions in iodobenzene 

J. E. C. Macrae and P. F. D. Shaw „ 

The Clarendon Laboratory. Oxford 
(Received 13 February 1962) 

Abstract—The organic yields of radio-iodine produced by neutron irradiation of mixtures 
containing iodobenzene and iodine have been investigated; they were unaffected by a slow 
radiolytic exchange reaction and there was little evidence that they are influenced by thermal 
exchange occurring in the hot zone. The results can be explained by assuming that in such 
systems, phenyl radicals react to form iodonium radicals by addition to iodobenzene 
molecules. In the presence of benzene organic yields are reduced, possibly by reaction 
between phenyl radicals and benzene to form diphenyl compounds. This explanation is 
consistent with the absence of any self-scavenging effect in solutions of iodine in benzene. 

When organic iodides are irradiated with neutrons they undergo the Szilard- 
Chalmers * 1 > reaction in which part of the radio-iodine produced by neutron capture is 
found in organic, and part in inorganic, combination. The nature of the primary event 
responsible for the disruption of the parent molecule is still obscure, but the diversity 
of the new organic species produced (see, for example, Gluckauf and Fay,* 21 or 
Evans and Willard< 3 >) indicates that considerable energy from the neutron capture 
event is available for the chemical disruption of the neighbouring molecules. Some 
insight into the processes occurring after neutron capture can be obtained from the 
“scavenger” effect, or the fall in retention (fraction of organically bound radio-iodine 
atoms) observed when a radical scavenger such as elementary iodine is present during 
the irradiation.* 3 * 1 Small concentrations of iodine cause a disproportionately large 
drop in the retention, thus indicating that the formation of organic radio-iodides 
proceeds partly by a diffusion-controlled step in which organic radicals produced by 
the primary event make many collisions before combining with the active iodine atom. 
As the concentration of free iodine is increased, the retention becomes less sensitive to 
its variation, and this part of the retention is regarded as arising from recombination 
or replacement reactions which do not involve diffusive processes, and may be termed 
“hot” since presumably a considerable amount of energy from the capture event may 
still be available in the radio-iodine atom or the surrounding molecules. 

In the case of some aliphatic bromides, which behave similarly, it has been shown* 41 
that at high bromine concentrations the bromine insensitive part of the scavenger 
curve falls off linearly with the molar fraction of bromine present and that an extra¬ 
polation of this curve to zero bromine concentration affords a convenient way of 

(1) L. Szilard and T. A. Chalmers, Nature, Land. 134, 462 (1934). 

<2> E. GlOckauf and J. W. J. Fay, J. Chem. Soc. 390 (1936). 

(i> (a) J. E. Willard, Am .Rev. Phys. Chem. 6, 141 (1955). 

(b) J. B. Evans and J. E. Willard, J. Amer. Chem. Soc. 78, 2908 (1956). 

M M. Milman and P. F. D. Shaw, J. Chem. Soc. 1303, 1318 (1957), 


1327 



1328 


J. E. C. Macrae and P. F. D. Shaw 


determining the “hot” retention. No authors have used such high concentrations of 
iodine in organic iodides, probably because of the limitations imposed by the solubility 
of iodine. 

For most aliphatic iodides, the retentions, in the absence of iodine, lie between 25 
and 40 per cent, but in the case of iodobenzene the retention found (about 60 per cent) is 
muchgreater. Ithasbeen suggested (5) that phenyl radicals produced by the capture event 
might be stabilized by addition to iodobenzene to form diphenyl iodonium radicals 
which could then react diffusively with the active iodine atom; in support of this it was 
shown that diphenyl iodonium compounds were produced by the action of light, or 
pile irradiation, upon iodobenzene. Further evidence for the existence of such radicals 
has been obtained from polarographic data. <6) 

However, more recent work has suggested other possible causes for the high 
retention. A high retention observed in bromobenzene (7) was found to be due to a 
radiolytic or photochemical exchange occurring subsequently to the neutron capture 
event. A preliminary kinetic study showed that the exchange proceeded by the dis¬ 
sociation of bromine molecules, followed by exchange with bromine atoms. 

Another exchange which might modify the retention in iodobenzene containing 
iodine is that observed by Levine and Noyes. <8) This exchange is thermal and proceeds 
by a dual mechanism; the rate in iodobenzene, or its solution m non-polar solvents, is 
given by: 

fc/PhlXI^+MPhDz. 

The first term describes an exchange between iodobenzene and thermally produced 
iodine atoms, and the second represents one which proceeds by the formation and 
subsequent decomposition of a diphenyl iodonium intermediate. Both exchanges 
have large (> 30 keal/g mole) activation energies and their effect on the Szilard- 
Chalmers reaction might therefore be to modify the magnitude of the hot zone retention 
which occurs before all the energy from the neutron capture event is dissipated. 

PRELIMINARY EXPERIMENTS 

1. Radiolytic exchange 

The radiolytic exchange occurring during neutron irradiation using a 500 me 
Ra-Be source was extremely small, and barely detectable within the small period 
allowed for its study by the decay of 128 I (half-life 25 min). A few experiments were 
made with 131 I (half-life 8-14 days); these established that a radiolytic exchange 
occurred and confirmed that its effect on the retention was negligible. For example, an 
aerobic iodobenzene specimen containing 6xl0 -6 mf placed 2 cm from a 60 Co 
source of strength lc, showed a period for half-exchange of 80 hr. The exchange was 
accompanied by iodine liberation, the rate of which was reduced under anaerobic 
conditions. No simple dependence of the exchange rate upon the iodine concentration 
could be established. 

Evidence was again found for the presence of diphenyl-iodonium derivatives- 
After y-irradiation for 96 hr, an aerobic specimen of iodobenzene which contained 
initially 10“ 5 mf I 2 was found to have exchanged 34 per cent of the active iodine. On 

P. F. D. Shaw, f. Chem. Soc. 443 (1951). 

<»> H. E. Bachofner, F. M. Berinoer and L. Meites, J. Amer. Chem. Soc. 80, 4269 (1958). 
<’) M. Milman and P. F. D. Shaw, /. Chem. Soc. 2101 (1956). 

(») S. Levine and R. M. Noyes, J. Amer. Chem. Soc. 80, 2401 (1958). 
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warming another aliquot for 5 min at 100“C in the absence of light or y-rays, the 
activity in organic combination rose to 42 per cent. Further heating caused no increase 
tn the exchange; in a separate experiment it was found that such heating led to the 
complete decomposition of diphenyl iodonium iodide to give iodobenzene. 
Spectrophotometric examination of the irradiated solution, and a solution of iodobenzene 
containing diphenyl iodonium iodide together with the appropriate amount of iodine 
was also consistent with this explanation. ' , 

2 Photochemical exchange 

In view of the slowness of the radiolytic exchange, a brief study was made of the 
photochemical exchange under aerobic conditions using light from a high pressure 
mercury lamp. Iodine production was again observed, but when the light was passed 
through a nitrobenzene filter both iodine production and exchange were stopped. 
Since the former can only occur by dissociation, or activation, of iodobenzene, it 
indicates that the exchange also proceeds by a similar mechanism. Since nitrobenzene 
is transparent to light which corresponds to the absorption maximum of iodine 
(wavelength 490 mp) and which is known' 9 ' to cause its dissociation, these results 
suggest that at room temperature iodine atoms do not exchange with iodobenzene by 
a direct substitution mechanism and contrast with the photochemical exchange 
found in bromobenzene.'"" 

No evidence was found for the production of diphenyl-iodonium iodide. A 
solution of this in iodobenzene was found to decompose quickly under the influence 
of light from the mercury lamp so that its equilibrium concentration would probably 
be too small to detect. 

The exchange occurring was not fast: for example a solution of iodobenzene 
containing initially 10” 5 mf iodine showed 50percent exchange in eight hours when held 
15 cm from a 100W high pressure quartz mercury lamp. In diffuse daylight, and in 
periods of the order of the half-life of 128 I, the exchange was negligible and no correc¬ 
tions for it were necessary in the experiments described below. 

THE SZILARD-CHALMERS REACTION IN IODOBENZENE 

The scavenger curves shown m Figs. I and 2 were determined for iodobenzene 
andp-iodotoluene at 97°C, and for methyl and ethyl iodides at 67°C; these tempera¬ 
tures were used in order to increase the iodine solubility. The curves for the aliphatic 
iodides follow the form found previously for aliphatic bromides' 4 ' being linear when 
c (the molar fraction of iodine) is greater than 0-2, and extrapolating to zero retention 
at c = 1. By contrast, the curves taken for the aromatic iodides showed no linear 
portion. 

Analysis of ethyl bromide-bromine mixtures' 4 ' showed that the sum of the radio¬ 
active organic fractions other than the parent compound fell off linearly with increasing 
bromine concentration. A crude analysis of the products from iodobenzene was made 
and is given in Table 1. It can be seen that the di-iodobenzene fraction decreased non- 
lmearly with the iodine concentration, and fell off more rapidly than would be 
expected had a linear relationship held. 

<9 ' See, for example G. Hertzbero The Spectra of Diatomic Molecules. Van Nostrand. 

New York (1950). 
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Flo. 1.—The retentions (R) of iodobenzene (O) and p-iodotoluene (• ) at 97°C 
as a function of the molar fraction of added iodine (c). Left and right 
hand ordinates refer to iodobenzene and p-iodotolucne respectively. 



% 

Flo. 2.—The retentions of methyl (Q)and ethyl (O) iodides at 67°C as a function 
of the molar fraction of added iodine (c). Left and right hand scales 
refer to methyl and ethyl iodides respectively. 
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The iodobenzene scavenger curves are of the form expected if a thermal exchange 
occurs in the hot zone; under these conditions exchange would tend to distribute the 
active atoms between the iodobenzene and the iodine molecules in a statistical 
mann er; since the relative numbers of iodine atoms present as iodobenzene and as 
iodine are (1 —c) and 2c respectively, the retention should tend to (1 —c)/(l —c+2c) or 
(1—.e)/(H-c); such a distribution is non-linear in c, and of the right form. 


Table 1 


Iodine 

concentration 
(molar fraction) 

C«HjI(%) 

C«H4j(%) 

Retention 

observed 

(%) 

10-4 

43-4+0-4 

11 -2 ±0-4 

54-2 ±0-5 

on 

20-2 + 0-4 

8-1 ±0-4 

27-1 +0-5 

0-25 

11-0+0-5 

5-7±0-3 

16-9 ±0-7 


To test this further, scavenger curves were constructed for equi-molar mixtures of 
benzene and iodobenzene and of nitrobenzene and iodobenzene at 80°C (Fig. 3). 



Fto. 3.—The retentions of benzene-iodobenzene (O, left hand scale) and 
nitrobenzene-iodobenzene (#, right hand scale) mixtures at 80°Cas a 
function of the molar fraction of added iodine (c). 

According to the conclusions of Levine and Noyes,' 8 * in the first system the exchange 
might be expected to proceed by both the mechanisms outlined above, but in the 
presence of nitrobenzene the exchange proceeding by the formation of the diphenyl 
iodonium intermediate should be inhibited. If the exchange occurring in the hot zone 
was reduced by dilution, or partly inhibited, it would be expected that the curvature of 
the scavenger curves would lessen, and that their intercept on the zero retention axis 
would be greater than that found in iodobenzene. Unfortunately the limiting solubility 
of iodine in these systems at 80°C enabled only a small portion of the relevant part of 
the curves to be determined. The intercepts on the zero retention axis obtained by 
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extrapolating the lines through the retention values at c = 0-25 and 0*35 are about 
0*70,0-73 and 0*80 respectively for pure iodobenzene and its solution in benzene and 
nitrobenzene, and are qualitatively in agreement with an explanation based upon 
exchange. However, the near equality of the retentions for the benzene-iodobenzene 
and nitrobenzene-iodobenzene curves when c is greater than 0*2 is surprising and 
suggests that any exchange proceeding by an iodonium intermediate is very small. 
The inhibition of the exchange in nitrobenzene was ascnbed <8> to the interference of 
the polar nitrobenzene on the nucleophilic attack of one iodobenzene molecule upon 
another; in the present case, any iodonium intermediate could be produced by the 
attachment of an aryl radical to an iodobenzene molecule, since the energy provided 
by the neutron capture event is sufficient to cause the dissociation of many iodobenzene 
molecules. Under these circumstances the importance of nitrobenzene as an inhibitor 
of the exchange may be considerably diminished. 

The scavenger curve of iodine in benzene 

This was determined to assist the interpretation of the above curves. Within 
experimental error, the retentions were independent of iodine concentration over the 
range studied (Fig. 4). The independence of the retention upon iodine concentration 



Fio. 4.—Retention of solutions of iodine in cyclohexane and benzene as a 
function of the molar fraction of iodine (c). Points taken at 15°C, O; 
at 75 °C,#. 

was confirmed by repeating the curve at a higher temperature (75 °C) in order to 
enhance the iodine solubility. The retentions were considerably lower than those 
found at the lower temperature (15°C). Change of temperature is known to alter the 
retention of similar systems by small amounts, and can be accounted for by assuming 
that the effectiveness of the surrounding molecules in caging radicals and atoms is 
temperature dependeet. <10) The effect observed here is considerably greater than any 
reported hitherto, and suggests that a different mechanism is operative. 

< t0 > S. Aditya and J. E. Willard, J. Amer. Chem. Soc. 79, 3367 (1957). 
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The constancy of the retentions at a given temperature indicates that there is no 
“self-scavenging” by the iodine. A self-scavenging effect would have been expected, 
a priori, for, if radicals are produced by a capture event involving one iodine molecule, 
the other iodine molecules should exhibit a scavenging action by reacting with them 
in the diffusive stages of the process, so reducing their probability of reaction with the 
newly formed radioactive atom. Self-scavenging by iodine has been observed in 
other hydrocarbon solvents by McCauley and Schuler,* 11 ' and has been confirmed 
in this laboratory. A self-scavenging curve of iodine in cyclohexane is given for 
comparison in Fig. 4. This differs from the curves for iodine-benzene mixtures since 
it shows the expected fall with increasing iodine concentration, and also because the 
points taken at 15 and 75 °C fall approximately on the same curve, thus indicating that 
any temperature dependence is small. 

The absence of a self-scavenging effect m the benzene-iodine system indicates 
that no organic radicals are present in the diffusive stages of the reaction, so that the 
retention found corresponds to that arising in the hot zone. Further, since a 
temperature change of 60 °C reduces the retention by a factor of two, it seems probable 
that the reactions governing the retention must have small activation energies. 

All these features can be explained if it is assumed that the capture event causes 
the dissociation of some of the neighbouring molecules of benzene into hydrogen 
atoms and phenyl radicals which can then combine with the active atom or undergo 
the reaction.* 12 ' 

Ph+PhH-Ph 2 +H 

If the latter required a small activation energy, a small increase in temperature 
would reduce the concentration of phenyl radicals available at any time, and hence 
lead to a decrease in the retention. If all the phenyl radicals generated in the hot zone 
reacted to form hydrogen atoms before diffusive recombination occurred, no self¬ 
scavenging could be observed since the ensuing recombination reactions would not 
involve any organic radicals, and would therefore not contribute to the retention. 

DISCUSSION 

No explanation based upon a thermal exchange occurring in the hot zone accounts 
satisfactorily for the shape (above c = 0-2) of the retention curves of the aromatic 
iodides studied. If an exchange occurred, and proceeded to equilibrium the retention 
should show a (1—c)/(l-|-c) dependence. Even m this extreme case, the slope and 
curvature of such a function are both less than that found. 

At iodine concentrations greater than 0-2 mf the curves for iodobenzene, pure 
and mixed with benzene, are of the form A(l —c) 2 , K being a constant. This suggests 
that the retention is primarily dependent on the formation of a diphenyl iodonium 
intermediate. 

A possible explanation of the (1— c) 2 dependence can be based on a modified 
“radical cluster” occurring in the hot zone; providing that the retention is regarded as 
resulting from a large number of events, the treatment given is valid also for a hot 
zone such as that postulated for bromoethane,* 13 ' in which there are relatively few 
dissociated molecules. 

(1U C. E. McCauley and R. H. Schuler, J. Phys. Chem. 62, 1364 (1958). 

l!2) For review, see D. R. Augood and G. H. Williams, Chem. Rev. 57, 123 (1957). 

(13) B. Knight, G. E. Miller and P. F. D. Shaw, J. Inorg. Nucl. Chem. 23 ,15 (1961). 
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Suppose that initially (stage 1) the energy imparted to the system by the capture 
event causes the dissociation of a few of the neighbouring molecules; combination of 
the active atom with one of these may not be immediately possible because the active 
atom may not be sufficiently “cool”. In this case, the radicals and atoms may combine 
among themselves, or phenylic radicals may undergo one of the reactions (stage 2) 

Ph+PhI -► Ph 2 I—, (1) 

Ph+PhH - Ph 2 +H, (2) 

or Ph-f-I 2 -*■ Phl+I (3) 

so that by the time that combination with the active atom can occur, the only possible 
reaction leading to retention is: 

Ph 2 I+I* - (Ph 2 l}I*) -* Phi-f Phi* (4) 

Quantitatively, let the concentrations of iodobenzene, benzene and iodine be a, 
b and c respectively, and let the fraction of these dissociated in the vicinity of the newly 
formed radio-iodine atom be a, /? and y, where a, p and y are assumed to be small 
compared with unity. The total concentration of organic radicals at any time will 
then be (aa+pb), that of the atoms being (aa+pb+2yc), so that the ratio of organic 
radicals to the total number of radicals and atoms in stage I is (txa-\-pb)l 
2(aa-f pb+yc). If we assume that all the organic radicals react in stage 2 by one of the 
reactions 1, 2 or 3, the fraction of these available for retentive combination will be 
given by K\al(K\a+K 2 b-\-K 3 c) where K\ Af 2 and K } are factors describing the relative 
probabilities of undergoing 1, 2 or 3. The retention can now be written: 

( aa+pb) K,a 

J 2(aa+Pb+yc) K l a+K 2 b+K 3 c 

where / is the fraction of radio-iodine atoms available for retention in the hot zone. 

For iodobenzene-iodine mixtures (6 = O) the best fit to the experimental results 
is with y/a = 1 -01 ±0-04, KJKy = 0-96±0-03 and / = 0-60. The curve obtained 
using y/a = 1, K 3 /K y = 1 and / = 0-60 is given by the solid line in Fig. 1. It is of 
interest that with y/a = 1, the expression (i) reduces to: 


2 (1 C) ^K^+Kib+Kj 


00 


and in the absence of the right-hand bracket the retention shows a linear dependence 
on c similar to that found in ethyl and methyl iodides (Fig. 2) and in some aliphatic 
bromides. < 4) 

In other systems* 4 - 13) it is found that substitution products are produced almost 
entirely in the hot zone. If this occurs in iodobenzene, the yield of di-iodobenzene 
would be expected to follow the hot zone retention (R^) curve, since the reactions of 
iodophenyl and phenyl radicals might be expected to be similar; that is: 

(C 6 H 4 I 2 )c = 0 R s (c = 0) 


(C 6 H*I 2 )c = C R e {c = C) 

so that the ratio of the di-iodobenzene yields to the corresponding values of R E , 
calculated from (ii) should be constant. The ratios found at IO -4 , 0-11 and 0-25 
molar fraction of iodine are respectively 37-3;tl-3, 34-2±l-7,33-8±l-8 and appear 
to be consistent with the formulation. 

Using the mddified expression (ii), a satisfactory fit to the iodobenzene-benzene 
curve (a — b) is obtained with K 3 /Ki = 1, AT^/ATj = 0-1 and / = 0-60, and is given 
by the solid line in Fig. 3. This formula can have only a limited validity since it 
predicts zero retention in benzene-iodine mixtures (a = O) so that other processes 
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leading to hot zone retention (for example the replacement of hydrogen atoms by the 
active iodine atom or by its direct combination with phenyl radicals) must also occur 
at low iodobenzene concentrations. 

The apparent preference of phenyl radicals to form iodobenzene by an iodonium 
intermediate may be because such intermediates are rapidly formed (within the time 
taken by the atom to “cool” down) but it is possible that other factors may also be 
contributory. For example, under the conditions prevailing in the hot zorie, where 
the temperature may be high owing to the incomplete dissipation of the energy from 
the capture event, the energy obtained from the direct combination of iodine atoms 
with a phenyl radical may not be easily lost by collisions, so that redissociation may be 
frequent. Combination with a diphenyl iodonium radical will produce molecules of 
phenyl iodide which are closer together than their van derWaals’ distance of closest 
approach, so that at least part of the energy of recombination will be lost by imparting 
kinetic energy to the molecules. The energy of activation for the decomposition of 
diphenyl iodonium iodide is 26 keal/g mole< 14 ' so that for reaction (4) to proceed to 
completion, the heat of recombination of the atom and the radical should be in excess 
of this. 

In this discussion, the possibility of diphenyl iodonium radicals reacting similarly to 
the phenyl radicals in (2) and (3) has been neglected. Attention has been drawn< 3) to the 
structural similarities between the iodonium radical and diphenyl methyl which is 
stabilised by about 25 keal/g mole.< 15 > The polarographic data of Bachofner et alS ® 
have shown that the formation of the iodonium radical by electron transfer to the ion 
is reversible, so that at least no immediate decomposition of the radical occurs. 
Under these circumstances the reactions analagous to (2) and (3), in which phenyl arc 
replaced by iodonium radicals, might have considerably increased activation energies 
so that their effect may be neglected. 

EXPERIMENTAL 

All materials were obtained from Bntish Drug Houses Ltd. Iodine, benzene and nitro¬ 
benzene were of “Analar" quality and were used without further purification. Iodobenzene 
was shaken in turn with dilute acid, dilute alkali and water, dried with calcium chloride and 
allowed to stand for several days after a small quantity of iodine had been admitted; it was 
then fractionally distilled under reduced pressure, a middle fraction being retained. P- 
iodotoluene was prepared similarly, warm soluUons being used for the extraction, and the 
column of the still being warmed to prevent crystallization. Ethyl and methyl iodides and 
cyclohexane were allowed to stand over iodine, and were then fractionally distilled. The 
diphenyl iodonium iodide used m the preliminary experiments was made by the method 
described by Lucas, et 

Irradiations were made with a 500 me Ra-Be source. At temperatures greater than 15°C 
this was held in a soft glass Dewar vessel onto which the samples for irradiation were clipped; 
the whole assembly was placed in a thermostat. Under these conditions, irradiations were 
kept short (30 min) to prevent undue warming of the neutron source. 

The retentions were measured and calculated as described elsewhere. < 4) When excessive 
quantities of iodine were present it crystallized out on cooling so that it was necessary to 
dilute the sample with a known volume of ethyl iodide before extraction; ethyl iodide was 
chosen since iodine is relatively soluble in it. 

No attempt was made to exclude air from the irradiated solutions except in the case of 
methyl iodide when specimens were frozen in liquid oxygen and sealed off under vacuum. 
Specimens of methyl iodide containing less than 10~ : mf of iodine gave anomalously high 
<14> C. J. M. Fletcher and C. N. Hinshelwood, J. Chem. Soc. 596 (1935). 

1151 G. W. Wheland, Resonance in Organic Chemistry, p. 384. J. Wiley, New York (1955). 
(l6) H. J. Lucas, E. R. Kennedy and C. A. Wilmot, J. Amer. Chem. Soc. 58, 157 (1936). 
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retentions, both at 15°C and 67°C in agreement with the findings of Aumawn and 
Svoboda; 1171 above thu concentration the variation of retention with iodine conce ntr ation 
was similar to that found in ethyl iodide and in aliphatic bromides. 

The analysis of iodobenzene-iodine mixtures was made by adding 20 g p-di-iodobenzene 
to 25 ml of die extracted iodobenzene. The mixture was then distilled at reduced pressure 
until all the iodobenzene had been removed. A central fraction of the latter was then purifiied 
by slow freezing and used for counting. The residue was assumed to consist of the di-iodo- 
benzene and was dissolved in benzene before counting. The latter assumption was justified 
by distilling approximately half the residue, and ascertaining that the specific activities of the 
distilled and undistilled portions were equal. The use of p-di-iodobenzene as carrier for 
o-, m- and p-di-iodobenzene is reasonable because under the conditions used no appreciable 
separation could be effected by fractional distillation. The results given in Table 1 are the 
average of two experiments at each iodine concentration. 

In view of the difficulty of obtaining reproducible results in the benzene-iodine system, 111 ’ 
a number of different methods of preparing the starting materials was used. Benzene samples 
were prepared by distillation, fractional freezing, and were used undried or dried over sodium; 
iodine was sublimed or used without purification. The retention values obtained were always 
within those expected from the statistics of counting. 

Acknowledgement — The authors express their gratitude to Professor D. H. Wilkinson for 
his encouragement and for lively mterest in this work. 

< 17 > I. P. Alimarin and K. F. Svoboda, Atomnaya Energiya, S. 73 (1958). 
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Abstract—An attempt has been made to distinguish between thermal and hot yields of 
radio-iodine in mixtures of benzene and organic iodides. Mechanisms to explain the general 
pattern of yields are discussed; the simplest of these involves competitive reactions of phenyl 
radicals with benzene or the iodides present. 

When iodine atoms in organic combination undergo neutron capture a fraction 
(termed the retention) of the radio-iodine atoms produced is found in organic com¬ 
bination, the remainder being easily extracted by an aqueous reagent. The retention 
is dependent on the presence of free iodine in the irradiated iodide, and falls extremely 
rapidly when the iodine concentration (c) is increased from 0 to 0-05 molar fraction; 
further increase in c still causes a reduction in retention, but the rate at which this 
decreases is much less. This has been explained by Willard and his colleagues (1) 
who postulated that one of the processes leading to the formation of organically 
bound radio-iodine was the thermal combination of radicals produced by the capture 
event with the radio-iodine atoms. If such combination involves the diffusion of the 
reacting species, small concentrations of iodine can intercept and react with the 
radicals, so decreasing the chance of their reaction with the active atom. In most 
cases investigated, the diffusion-controlled reactions have been shown to lead to the 
formation of the parent compound. For example, Levey and Willard * 21 have 
shown that the fall in retention when small quantities of iodine are added to methyl 
iodide is balanced by the reduction in activity of the active methyl iodide present; 
over the same range of iodine concentration, the activity of other species produced, 
for example methylene iodide, was unaffected within experimental error. 

The part of the retention which is less sensitive to variation of c is assumed to 
arise from processes in which diffusion plays very little part, such as the recombination 
of the active atom with a radical without diffusion, or by reactions in which either 
hydrogen or iodine atoms in the original substance are replaced by the active iodine 
atom. Empirically it has been founds) that the retention in this region, which may 
be termed the hot zone, is approximately proportional to (1— c) in the case of methyl 
and ethyl iodides, and to (1—c) 2 for some aryl iodides. Back-extrapolation of this 
portion of the curve gives an intercept at c = 0, which is assumed to correspond to 
the total hot-zone retention at very small iodine concentrations. 

U) For review see J. E. Willard, Ann. Rev. Nucl. Sci. 3, 193 (1953); Ann. Rev. Phys. Chem. 

6, 141 (1955). 

<2) G. Levey and J. E. Willard, J. Amer. Chem. Soc. 74, 6161 (1953). 

131 J. E. C. Macrae and P. F. D. Shaw, J. Inorg. Nucl. Chem. 24, 1327, (1962). 
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Several authors have examined the effects of neutron irradiation upon organic 
halides dissolved in hydrocarbon or other solvents. Early workers® observed that 
hydrogen atoms in solvent molecules could be substituted by the active atom. Willard 
and his colleagues® observed increased retentions in aliphatic hydrocarbon solvents, 
and they were able to ascribe part of this increase to the relative effectiveness of the 
solvent molecules in caging the products from the neutron capture event. Miller 
and Dodson® made a systematic study of carbon tetrachloride dissolved in benzene, 
and observed that the retention was reduced as the concentration of benzene was 
increased. Reduced retentions have also been observed by Veukovic <7> in 
bromobenzene-benzene mixtures. 

The reduction in the retention of iodobenzene dissolved in benzene has been 
partly explained* 3 ) by assuming that phenyl radicals produced by the active atom 
reacted with the benzene present to form diphenyl and hydrogen atoms. In this way 
radicals potentially capable of reacting with the active atom to form iodobenzene 
were removed from the system so that a fall in retention occurred. In support of 
this, it was shown that elementary iodine dissolved in benzene did not show a sharp 
fall in retention as its concentration was increased, whereas in cyclohexane-iodine 
mixtures the expected fall was observed. This indicates that in benzene very few 
radicals survive to take part in thermal recombination reactions and that the retention 
observed must therefore correspond to that produced in the hot-zone. A similar, 
and more striking effect of this sort has been found by Milman® in solutions of 
elementary bromine in benzene, where restrictions imposed by the solubility of the 
free halogen do not apply, and enable a much greater range of concentrations to be 
studied. In this case the retention fell linearly with bromine concentration, and was 
of the form expected if the retention arises entirely in the hot-zone. 

The work described in this paper is an extension of that described earlier® and 
was undertaken to investigate further the role of benzene when it is used as a solvent 
for iodides subjected to neutron irradiation. 

EXPERIMENTAL 

All chemicals were obtained from British Drug Houses Ltd. Analar benzene and iodine 
were used without purification. Organic iodides were purified by shaking with dilute alkali, 
drying over calcium chloride to which a small quantity of iodine had been added, and 
distilling through a column equivalent to four theoretical plates; iodobenzene was distilled 
under reduced pressure; in all cases a middle 50 per cent fraction was retained for measure¬ 
ment. 

Neutron irradiations were made at 15°C with a 500 me Ra-Be source. Extractions and 
measurements were made as described earlier. <»*> Water was not rigorously excluded from the 
systems since different methods of drying gave consistent results, and no spurious effects due 
to the possible formation of phenolic compounds* 105 could be detected. 

u) See, for example, (a) E. Gluckauf and J. W. J. Fay, J. Chem. Soc. 390 (1936); (b) 
A. F. Reir, Phys. Rev. 69, 530 (1946). 

<5) (a) S. Goldhaber and J. E. WrLLARD, J. Amer. Chem. Soc. 74, 318 (1952). 

(b) S. Aditya and J. E. Willard, J. Amer. Chem. Soc. 79, 3367 (1957). 

(s) J. M. Miller and R. W. Dodson, J. Chem. Phys. 18, 865 (1950). 

(7) S. R. Veukovic, fluff. las. B. Kidfich. 7, 65 (1957). 

<*> M. Milman Private communication. (1961) 

(95 M. Milman and P. F. D. Shaw, (a) J. Chem. Soc. 1303 (1957); (b)/. Chem. Soc. 1310, 
1317 (1957). 

d°) M. Milman and P. F. D. Shaw, J. Chern-Soc. 412 (1956). 
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A limited number of analyses were made. Owing to the difficulty of separating higher 
boiling compounds, and to the uncertain nature of some of these, efforts were made to obtain 
pure fractions of some of the more volatile iodides only. In all cases, methyl, ethyl, methylene 
iodides and iodobenzene were added as carriers (when necessary) and middle portions of the 
appropriate fraction obtained by distillation were taken for measurement. In making 
analyses of benzene-ethyl iodide mixtures it was found difficult to obtain ethyl iodide free 
from benzene in the available time, which was determined by the half-life of i**I (25 min). 
In order to obtain the specific activity of ethyl iodide, therefore, a mixture of ethyl iodide 
and benzene was distilled and counted, and this was subsequently analysed by comparing 
its density with the densities of a number of standard mixtures. 

THE RETENTION CURVES OF IODIDES DISSOLVED IN BENZENE 

These are shown in Figs. 1-3; in order to aid their interpretation, retentions of 



Fig. 1. —The retention of methyl iodide-benzene mixtures as a function of methyl 
iodide concentration. Upper curve, total retention; lower curve, hot zone retention. 



Flo. 2.—The retention of ethyl iodide-benzene mixtures as a function of ethyl iodide 
concentration. Upper curve, total retention; lower curve, hot zone retention. 
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MOLAR FRACTION OF IODOBENZENE 

Fig. 3. —The retention of iodobenzene-benzene mixtures as a function of iodo- 
benzene concentration. Upper curve, total retention; lower curve, hot zone 

retention. 

mixtures of both methyl iodide and ethyl iodide in iodobenzene were also determined 
(Figs. 4 and 5). To reduce the possibility of spurious results arising from small 
quantities of impurities which might otherwise react with the radio-iodine produced, 
all samples contained a small constant concentration (10 -s mf) of iodine. At such 
low concentration this does not result in a significant fall m retention, so that the 
retention obtained can be regarded as arising from both thermal and hot zone 
processes. 
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«» MOLAR FRACTION OF IODOBENZENE 


Fjq. 4.—The retention of methyl lodide-iodobenzene mixtures as a function of 
iodobenzene concentration. Upper curve, total retention; lower curve, hot zone 

retention. 
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Fio 5 —The retention of ethyl lodide-iodobenzene mixtures as a function of ethyl 
iodide concentration Upper curve, total retention, lower curve, hot zone retention. 

For iodide concentrations of less than 10 ~ 2 mf, the activities obtained were very 
low, and in this region (Figs. 1-3) the accuracy of the points is poor (approximately 
+ 5 per cent at 10 2 mf, and 4.-2 per cent at 5v 10 2 mf) This, together with the 
extremely rapid variation of the retention in this region makes the direct determination 
of the intercept on the axis of zero iodide concentration uncertain 

To determine whether the factors which are responsible for the general shape of 
the curves arise in the hot zone or in the thermal region it is necessary to estimate the 
hot zone retention curves In principle, this can be done by determining scavenger 
curves (the retention as a function of iodine concentration) for different mixtures of 
the components, and by then using a simple back-extrapolation of the curves obtained 
at higher iodine concentration to determine the intercept on the axis of (c — 0). 
However this is difficult since the limiting solubility of iodine in the systems studied 
precludes the determination of a proper scavenger curve, the enhancement of iodine 
solubility by increase of temperature cannot be used, since marked temperature effects 
occur when the benzene concentration is high (3) In view of these difficulties, hot zone 
retentions have been estimated by using a semi-empirical method. 

The scavenger curves determined at 67°C <3> for ethyl and methyl iodides were 
found to agree, within experimental error, with points determined at 15°C, so that 
the hot zone retentions for pure iodides at 15"C may be taken from these curves. 
If the retentions obtained for different iodine concentrations are normalized by 
dividing by the retention obtained at c = 10~ 5 mf, a curve which fits the results for 
both methyl and ethyl iodides is obtained (Fig 6), (it is of passing interest that this 
curve also represents the results found for several aliphatic bromides studied earlier* 9 *). 
If it is assumed that the form of the scavenger curve for benzene-iodide mixtures is 
the same as that given by Fig. 6, it is possible to estimate the hot zone retention 
(R h ) at c = 10 _s mf from the figure, since /? H will bear the same relation to the total 
retention as the intercept, at c — 0, obtained by back-extrapolating the linear portion 
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Fio. 6.— The normalized retention (/? c _,//? r _o) plotted against the molar fraction 
of iodine (c), for ethyl (O) and methyl (0) iodides. 


of the normalized curve. Some justification of this procedure, which is clearly not 
applicable for small concentrations of iodide in benzene, is given in Table 1. It can 
be seen that the ratio of the retentions and R 2 found respectively at low (10 _s mf) 
and high iodine concentrations bear a close relationship to the corresponding ratio 
found from Fig. 6. In particular the series of results taken to justify the method for 
methyl iodide (0-595 mf) in benzene give reasonable agreement with those determined 


Table 1. 


Mixture 

fi 

ir 

S 2 

§ » 
as « 

ed 

Iodine concen¬ 
tration Ci 
(Molar fraction) 

'TSCS 

a< 

■w 1 'w' 

O O 

5 ll 

Q G 
« «-» 
ai, 

*2/*. 

Hot-zone 
retention Ru ( %)♦ 

Substance 

Molar 

fraction 

Substance 

Molar 

fraction 

Observed 

Calculated 

Mel 

0-228 

PhH 

0 772 

44-0 

3 2x10-2 

27-7 

0-63 

0-63 

22 0 ' 


0-483 


0 517 

47-1 

0 111 

24 6 

0 52 

0 49 

25-0 


0 595 


0 405 

48 3 

0 121 

23 4 

0 48 

0 47 







0 114 

25 1 

0-52 

0 49 







0-091 

25-3 

0-52 

0-51 

25 2 






0-057 

27 9 

0 58 

0 56 







0 025 

313 

0-65 

0 65 



0-851 


0 149 

51 5 

0-132 

26 5 

051 

0 47 

28 0 


1-0 


0 

55-1 

— 

— 

— 

— 

27 4 

EtI 

0 201 


0 799 

35 5 

0-018 

25 8 

0-71 

0 69 

18-2 


0 421 


0 579 

36 2 

0-123 

17-4 

0-48 

0 47 

18-5 


0-621 


0-379 

37-5 

0-130 

17 8 

0 47 

0-46 

19 3 


0-816 

V 

0-184, 

38 2 

0*206 

15-7 

0-41 

0 40 

19-6 

w 

1-0 


0 

39-5 

— 

— 

— 

— 

20 0 


t Calculated from Fig. 6. 
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from Fig. 6. It can be seen from this figure that the ratio of the hot zone to the 
total retention is 0-5, and the values of R H , corrected for possible departures from the 
“ideal” form, have been taken to be 0-5 Ri(R->/Ri) nh . x (R,/Rf h.,„ The values 
obtained are plotted in Figs. 1 and 2, and extrapolate reasonably to an intercept of 
about 20 per cent at zero iodide concentration. 

To estimate the hot zone retentions in benzene-iodobenzene mixtures, a dumber 
of retentions were determined with large quantities of iodine present, and these are 
given in Table 2. As shown previously* 3 * the scavenger curves in such systems are 


Table 2. 


Mixture 

s * 

.9 1 

0 2 

8 r » 

Iodine concentra¬ 
tion (C 2 ) (mf.) 

'^N C"o 

e* o\ 

a r? 

O O 

11 

o! ® 

RilRi 

(obs.) 

I 

II 

III 

Phi 

(mf) 

PhH 

(mf) 

R 2 /R 1 

(calc.) 

Rh 

(calc.) 

Rt/R, 

(calc.) 

Rh 

(calc.) 

(calc.) 

0 254 

0-746 

48-2 

0 058 

27 2 

0 56 

0 55 

24 5 

0-57 

24-7 

23-0 

0 500 

0-500 

51 3 

0-072 

27-3 

0-53 

0 53 

25-6 

0-52 

26-3 

27-3 

0-640 

0-360 

52-6 

0-091 

27-5 

0-52 

0 51 

26-7 

0 49 

29-2 

28-3 

10 

0 

57-2 

— 

- ( 

— 

— 

— 

— 

30-0 

30-0 


not linear at high iodine concentrations, but proportional to (1 —c) 2 . To provide an 
indication of the hot zone retention, values of R H have been calculated assuming a 
scavenger curve of the form given m Fig. 6 (Table 2, column I), and also that of the 
form found for pure lodobenzene (column II) by using a similar procedure. Column 
III gives values of R H calculated from the formula found previously;* 3 * this formula, 
based on the ability of phenyl radicals to form iodonium radicals or to react with 
benzene to give diphenyl is of doubtful validity in the present circumstances since it 
is based on the competitive reactions occurring at 67°C, and also because it does not 
hold for low concentrations of lodobenzene. It can be seen that the values of R H 
found by these methods do not vary greatly, and the mean values of columns II and III 
have been adopted and plotted in Fig. 3. 

The hot zone retentions of lodobenzene mixed with methyl or ethyl iodides are 
more easily determined since the solubility of iodine in these systems is much greater. 
The retentions obtained for mixtures containing varying amounts of iodine are given 
m Table 3. A priori, it would be expected that the scavenger curves would tend to 
follow the form found for lodobenzene when this is present in large concentrations, 
and that for aliphatic iodides when the predominant constituent is either methyl or 
ethyl iodide. Table 3 shows that the values of R 2 /R 1 observed are in general closer 
to those calculated on the basis of the aliphatic scavenger curve (column I) than those 
found using the form of curve for iodobenzene (column II). The values of iJ H 
calculated also fall more readily onto a smooth curve when the values from column I 
are adopted, and these have been plotted in Figs. 4 and 5. A possible reason for the 
tendency of these systems to exhibit an “aliphatic” form of scavenger curve will be 
discussed later. 
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b 

Table 3 


Mixture 

SSe 

c trt 

2 j 
a 2 

1 ' 
a i 

+•> 

(ti 

Iodine concentra¬ 
tion C 2 mf 

'W' w* 

C 

o O 

Jo 

<u — 

Ri/Ri 

(obs.) 

1 

i 

II 

Substance 

mf 

Substance 

H 

RilRx 

(calc.) 

-Kh 

(calc.) 

Ri/Ri 

(calc.) 

Rh 
(calc) 

Mel 

0 

Phi 

mu 


_ 

_ 

_ 

_ 

_ 

_ 

30 0 


0167 




0142 

26-8 

0 48 

0-45 

29-8 

0-41 

35 0 




" , 1339 


0-187 

22 8 

0 41 

0-41 

27-5 

0 36 

34 4 


0-645 


0 355 

56-2 

0 114 

25-6 



26-5 

0-46 

30 1 


0 807 


0 193 

56 0 

0 156 

25 7 

046 


29-4 

0-39 

34 3 


1-0 


0 

56 0 

— 

— 

— 

— 

28-0 

— 

— 

Etl 

0 

Phi 

1 

57-2 

— 

— 

-- 

— 

— 

— 

30 0 


0 134 


0 866 

55-1 

0 143 

25 4 

0 46 

0 45 

28-2 

0 41 

32 4 


0 378 



50 7 

0 201 

18 6 

0 37 

0 40 

23 4 

0 34 

31 4 


0 579 



47-4 

0 223 

16 5 

0-35 

0-38 

21-8 

0 32 

27-2 


0-764 


0 236 

44-1 

0-146 

18 2 

0 41 

044 

20 6 

0 41 

23 1 


1 


0 

39 5 

— 

— 

— 

— 

20-0 

— 

— 


The hot zone retentions shown in Figs. 1-3 show rather less variation than the 
curves for the total retention, so indicating that the shapes of the latter may be largely 
dependent upon processes occurring in the thermal region For mixtures of methyl 
or ethyl iodides in benzene, the hot zone retentions show a roughly linear dependence 
upon the molar fraction of the iodide Extrapolation to the axis of the unit molar 
fraction of benzene gives intercepts of 21 and 18-2 per cent for methyl and ethyl 
iodides respectively which agree roughly with the retention found for solutions of 
iodine m benzene < 3) The latter system was found to exhibit no self-scavenging effect 
and it was assumed that the observed retentions arose entirely from reactions occurring 
in the hot zone, so that the present findings appear to confirm this view. 


Table 4. 


Substance 

Parent 

Retention ( %) compound (/) 

Other compounds 
produced ( %) 

Iodobenzene* 3 * 

57-2 

46 0 

11 2(C6H 4 I 2 ) 

Methyl iodide* 2 - 111 

56-2 

47-1 

9 1 (CH 2 1 2 ) 

Ethyl iodide 12 * 

402 

33-5 

3 3 (CH 3 1) 

2 9 (Higher boiling) 


In benzene-iodobenzene mixtures the calculated hot zone retentions are not a 
linear function of t?ie molar fraction of iodobenzene and in Fig. 3 the curve has been 
drawn to give an intercept of 21 per cent at unit molar fraction of benzene. 


<u> T. Brustad and J. Baarli, J. Chem. Phys. 22, 1311 (1954). 
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REACTIONS IN THE THERMAL ZONE 
For a mixture of two iodides it seems reasonable to assume that the retention 
might be represented by an expression of the form 

R = ntiR\ -|-w 2 /? 2 

u 

where R\ and R 2 are the retentions of the pure iodides and mi and m 2 are their 
respective molar fractions. Retentions of this linear form are shown by mixtures of 
lodobenzene both with methyl and with ethyl iodides. If there were no interaction 
between the radicals produced from iodide (I) with iodide (II) or vice versa, the yields 
of the parent compounds should be m\P\ and W 2 P 2 . where P\ and J° 2 are the yields 
obtained in the pure iodides. Table 5 summarizes the known data obtained from 


Table 5. 


Mixture 

Iodine 
concentra¬ 
tion (mf) 

Retention 

(%) 

Retention 

difference 

! 

t 

Aliphatic 

iodide 

(%) 

Difference 

in 

aliphatic 

iodide 

yields 

Sub¬ 

stance 

mf 

Sub¬ 

stance 

mf 

Mel 

0 167 

Phi 

0 833 

10-5 

55 6 


14 9 








28 8 


9 3 





0 142 

26 8 


5 6 



0 807 


0 193 

10-5 

56 0 


43 1 








30 3 


27-6 





0 156 

25-7 


15 5 


EtI 

0 134 

Phi 

0-866 

10-5 

55-1 


13-2 








29 7 


8-8 





0143 

25 4 


440 



0 764 


0 236 

10-5 

44 1 


32 7 








25-9 


19-6 





0-146 

18 2 


13-1 



tie. methyl iodide m methyl lodide-iodobenzene mixtures, and ethyl iodide in ethyl 
lodide-iodobenzene mixtures 


analyses of the pure iodides used; for each substance the predominant product of 
the thermal reactions leading to retention is the parent compound. Results of analyses 
of the mixed iodides are given in Table 6, and show that the above simple view does 
not hold in these systems. For example, for the mixture of methyl iodide (0T67 mf) 
and lodobenzene (0-833 mf) the yield of methyl iodide expected should be 0-167 x47-l 
per cent or 7-87 per cent, whereas the yield observed is 14-9 per cent, the greater part 
of which is produced thermally, since the yield is reduced to 5 -6 per cent by the presence 
of 0-142 mf iodine. Similarly the observed yield of methyl iodide (43*1 per cent) 
exceeds that expected (38 • 1 per cent) in the mixture containing 0-807 mf methyl iodide. 
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Table 6. 


Mixture 

Iodine 
concentra¬ 
tion (mf) 

Retention 

(%) 

Retention 

difference 

i 

Aliphatic 

iodide 

(%) 

Difference 

in 

aliphatic 

iodide 

yields 

Sub¬ 

stance 

mf 

Sub¬ 

stance 

mf 

Mel 

0-228 

PhH 

0-772 

10-5 

44-0 


30-1 








16-3 


17-0 





0-032 

27-7 


13-1 



0-851 


0-149 

10-s 

51 -5 


39-9 








25-0 


23-5 





0-132 

26-5 


16-4 


EtI 

0-201 

PhH 

0-799 

10~5 

35-5 


25-7 








9-7 


9-7 





0-018 

25 8 


16 0 



0-816 


0-814 

10-5 

38 2 


34 8 








22-3 


21-7 





0-206 

15 7 


13-1 



If the chief processes responsible for the thermal retention of the active iodine 
atom are: 

R+1* -*• RI*. ( 1 ) 

or R.+II* -» RI*+I, (2) 

where R. is the radical formed by dissociation of the parent iodide, the predominant 
formation of methyl iodide in methyl iodide-iodobenzene mixtures indicates that 
more methyl, relative to phenyl, radicals are produced m the hot zone In this system, 
both the total and the hot zone retentions, and therefore those arising from the thermal 
region, are approximately constant; this suggests that the total number of radicals 
available for reaction m the thermal zone is also constant. If these radicals are 
produced chiefly by collision of an energetic iodine atom, produced by recoil following 
neutron capture, with the surrounding molecules, it seems improbable that there 
would be much differentiation between the dissociation of methyl iodide or iodo- 
benzene molecules, since the initial energy of the radio-iodine atom will be greatly 
in excess of the dissociation energies of the C-I bonds in these molecules. Under 
these circumstances the relative number of phenyl and methyl radicals produced by 
the primary event should be m proportion to the amounts of iodobenzene and 
methyl iodide in the irradiated mixture; to account for the constancy of the number 
of radicals available for reaction in the thermal zone, and for the preponderance of 
methyl radicals it is necessary to assume that the reaction 

Ph.+Mel -*■ Phl+Me. (3) 

occurs in this system, presumably m the hot zone. Reaction (3) is exothermic, and 
might well proceed by a mechanism involving an lodonium intermediate; in this case 
a relatively small activation might be required. As an alternative to reaction (3), 
phenyl radicals coqjd form diphenyl lodonium radicals by addition to iodobenzene 

Ph.+PhI -*• Ph 2 l. (4) 

and so be preserved to enable them to undergo subsequent reaction with the active 
iodine atom in the thermal region. 
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Tie same reasoning applied to the ethyl iodide-iodobenzene system, where there 
is a similar enhancement in the yield of ethyl iodide, indicates that the reaction 

Ph.+Etl -* Phl+Et. (5) 

might occur in this region. In these mixtures the secondary reactions postulated tend 
to convert phenyl radicals into methyl or ethyl radicals, so that it is not surprising 
that these systems tend to exhibit an “aliphatic” rather than an “aromatic” form of 
scavenger curve. 

In the case of iodobenzene-benzene mixtures, the phenyl radicals produced by 
the capture event can react to form diphenyl iodonium radicals by (4) or undergo 
the reaction 

Ph.+PhH -> Ph 2 +H. (6 

The latter has been well studied in other systems,< I2) and has been previously postulated 
to account for the form of the scavenger curve m this system, and in iodine-benzene 
solutions.If any phenyl radicals produced in the hot zone reacted by (4) or (6) 
before the onset of the recombination reactions occurring in the thermal region, a 
fall of retention would be expected as the concentration of benzene was increased, 
since (6) effectively causes phenyl radicals to be replaced by hydrogen atoms, so that 
there will be an enhanced yield of hydrogen iodide resulting from the thermal combina¬ 
tion of the active atom with the radicals and atoms available. To account for the 
shape of the retention curve (Fig. 3) it is necessary to assume that the rate constant 
for (6) is less than that for (4), so that effect of (6) can only be seen at large (>0-8 mf) 
concentrations of benzene, where the retention begins to fall off sharply. 

An alternative explanation of the fall in retention with increasing benzene con¬ 
centration is that phenyl radicals can only be produced in this system by the dissocia¬ 
tion of lodobenzene so that as the concentration of the latter falls, there will be fewer 
phenyl radicals available for reaction in the thermal region. This could also account 
for the independence of the retention on iodine concentration in iodine-benzene 
mixtures since there could be no self-scavenging effect if no dissociation of benzene 
molecules occurred; the observed retention could then be the result of reactions in 
which the activated iodine atom displaced a hydrogen atom m a single step. 

Such an explanation does not appear to be tenable for the following reasons: 

(l) iodine atoms activated by neutron capture are capable of causing the 
dissociation of carbon-hydrogen bonds, as shown by the self-scavenging curves 
observed in cyclohexane,and it seems probable that similar dissociation of benzene 
molecules can occur; 

(ii) it does not account for the strong temperature dependence of the retention 
in benzene-iodine solutions; 

(ni) it does not account for the shape of the iodobenzene-benzene retention curve. 
At lodobenzene concentrations in excess of 0-2 mf, the retention increases from 
about 50-56 per cent as the lodobenzene concentration increases from 0-3-1 -0 mf 
and the thermal retention is approximately constant. Using a simple model for the 
recombination processes taking place when the reactants, initially held in a small 
spherical volume, diffuse outwards, it has been shown( 13 > that the thermal retention 
is a function of the number of radicals per unit “track length” of the recoil atom. 

| I2) For review, see D, R. Augood and G. H. Williams, Chem. Rev. 57, 123 (1957). 

Iu) M. Milman and P. F. D. Shaw, J. Chem. Soc. 1325 (1957). 
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The approximate constancy of the retention in this region therefore indicates that this 
quantity is also approximately constant so that at least some of the radicals available 
for reaction in the thermal region are produced by the dissociation of benzene 
molecules. 

In the following discussion such dissociation will be assumed; by making this 
assumption it is possible to account for all the main features of the methyl iodide- 
benzene and ethyl iodide-benzene systems, but the possibility ol molecular ions or 
activated benzene molecules playing a part analagous to that postulated for the phenyl 
radicals cannot be excluded. Results of the analyses for these systems are given in 
Table 6. Comparison of the retentions for a given mixture containing different iodine 
concentrations shows that m all cases studied, the fall in retention is equal, within 
experimental error, to the reduction m activity of the aliphatic iodide fraction. The 
parent iodide is therefore the sole product of the thermal reactions which lead to 
retention, and the amount of lodobenzene resulting from such reactions is very small. 

If phenyl radicals are produced m the hot zone they must therefore have 
disappeared from the system by the time the thermal processes occur, presumably by 
reacting according to (3) or (5). The methyl or ethyl radicals so produced are then 
able to react thermally to maintain the relatively large yields of active methyl or ethyl 
iodides, even when the actual quantity of these substances is relatively small (0-2 mf) 
At still smaller concentrations, the fall in retention can again be explained by assuming 
that reaction (6) is effective in competing with (3) or (5) so that the ratio of organic 
radicals to (inorganic) atoms available for reaction in the thermal region is reduced 

Comparison of the results given in Tables 4 and 6 shows that whereas the thermal 
retention in mixtures of ethyl or methyl iodides in lodobenzene is made up partly 
of the parent aliphatic iodide and partly of lodobenzene, in mixtures of the same 
aliphatic iodides in benzene it is made up almost entirely of the parent iodide 
That is, the chance of a phenyl radical surviving for sufficient time to take part in the 
thermal reactions is dependent on the presence of lodobenzene, and, presumably, on 
its ability to form an lodonium radical under these circumstances. This conclusion 
strongly supports the assumption previously made to account for the shape of the 
scavenger curve in lodobenzene, (3> and provides further evidence that the phenyl 
radicals produced by the primary event must react by (3)-(6) before the start of the 
thermal recombination reactions. 

In this discussion the role of ion-molecule reactions, or the possibility of radical 
production by ionic mechanisms, has been neglected Lack of data about the electron 
affinities of the different molecules considered makes it difficult to discuss adequately 
the part played by negative ions, but it can be shown that no explanation based solely 
upon positive ion interactions can give a complete account of the data observed 

If the active iodine atom produced by neutron capture is left with a positive 
charge/ 14 * it seems improbable that this could be retained for long in the systems 
studied, since the first ionization potential of an iodine atom (10-44 eV) is greater 
than that of any of the liquid components considered; under these circumstances, 
electron transfer to the iodine ion might be expected, so that any explanation of the 
effects observed must relate to the formation of the radicals found in the thermal 
region. In the metTiyl lodide-iodobenzene system a preponderance of positively 
charged iodobenzene molecules is to be expected since the ionization potential of 
( 14 ) s. Wexler and T. H. Davies, J. Chem. Phys. 20, 1688 (1952). 
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methyl iodide (9-67 eV)* 13 ' is greater than that of lodobenzene (9-10 eV);<* 5 > subsequent 
neutralization of the latter by a free electron or by collision with a negative ion might 
cause its dissociation and so lead to the production of phenyl radicals in this system. 
However, it does not seem possible to account for the observed enhanced yield of 
methyl iodide by an ionic mechanism, Similar arguments apply to the methyl iodide- 
benzene system where the ionization potentials (9-67 eV and 9-52 eV respectively)* 151 
again favour the formation of positively charged benzene ions. Although the forma¬ 
tion of phenyl radicals might arise from ionic reactions, therefore, there seems to be 
no ready explanation for the enhanced yield of aliphatic products from the therrqal 
region without invoking reactions of the type postulated. 

The data obtained cannot exclude the possibility of activated benzene molecules 
playing an important role in the processes following neutron capture. If such molecules 
were produced, collision with, for example, methyl iodide molecules might lead to 
their dissociation, so accounting for the predominant yield of methyl iodide. The fall 
in retention with decreasing methyl iodide concentration could then be partly 
explained by an overall decrease in the number of radicals available for reaction with 
the active iodine atom However, this explanation cannot account for the observed 
temperature dependence of the retention of solutions of iodine in benzene, and it 
therefore seems probable that, if operative, such mechanisms must also be accompanied 
by others which involve the dissociation of benzene molecules 

REACTIONS IN THE HOT ZONE 

The term “hot zone retention” has been used in this paper to describe that part 
of the retention which is insensitive to small variation of scavenger concentration, 
and has been used to contrast such behaviour with that of the diffusion-controlled 
retention which shows a strong dependence upon scavenger concentration To some 
extent this appears to be a misnomer; the lack of evidence in lodobenzene* 3 ' for a 
thermal exchange which is known to occur at high temperatures* 16 ' indicates that the 
local heating effects which presumably accompany neutron capture have no important 
bearing upon the final retention. The marked dependence of the retention of iodine- 
benzene solutions upon relatively small changes of temperature* 3 ' again indicates that 
reactions occurring at a relatively low temperature influence the “hot zone” retention. 

The yields of aliphatic iodide obtained from solutions of methyl or ethyl iodide 
dissolved in benzene or lodobenzene do not show a linear dependence upon the 
concentration of iodide and exhibit a similar non-linearity even when the system 
contains relatively large quantities of iodine This implies that the reactions postulated 
to account for the distribution of activity resulting from thermal reactions must also 
be effective in the hot zone In particular, it does not seem possible to account for 
the retention in this zone entirely on the basis of reactions in which the active iodine 
atom replaces other atoms either by a billiard-ball mechanism or by the epithermal 
reactions postulated by Libby.* l7) The retention of solutions of iodine in benzene 
might arise partly from such reactions, but its strong temperature dependence lmDlies 
that phenyl radicals, or possibly some complex of a phenyl radical and a benzene 
molecule (c.f. Jaquiss and Swarc)< 18 > are involved. 

1,51 J. D. Morrison and J C Nicholson, J Chem. Phys. 20, 1021 (1952). 

1161 S. Levine and R M Noyes, J. Amer Chem Soc 80, 2401,(1958). 

1171 W. F. Libby, /. Amer. Chem. Soc 69, 2523 (1947). 

18) M. T. Jaquiss and M. Swarc, Nature , Lond. 170, 312 (1952). 
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To reconcile this essentially free-radical picture of the processes occurring in the 
hot zone with the weak dependence upon iodine concentration it is necessary to assume 
that the active iodine must often be de-energized in the vicinity of a radical, so that 
combination occurs before the radical can be intercepted by the scavenger molecules 

In summary, it seems possible to account for the retentions observed in dilute 
benzene solutions by the following sequence. The activated iodine atom causes the 
dissociation of some of the surrounding benzene molecules, and in some instances 
may undergo a replacement reaction to form iodobenzene. The phenyl radicals 
produced may either react with benzene to form diphenyl molecules and hydrogen 
atoms, or otherwise react with other molecules of the iodide to form alkyl radicals, 
or, in the case of iodobenzene, diphenyl lodonium radicals. If the active iodine atom 
has not undergone a replacement reaction, it may then combine with one of the 
radicals present to contribute to the total retention. Such combination may, or may 
not, involve diffusion, so contributing respectively to the “thermal” or the “hot” 
retention. 

Experiments are being performed in order to determine the degree to which non¬ 
dissociation of the parent iodide contributes to the retention, and to estimate the mean 
number of radicals produced in such systems. 
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DIOXANE ADDITION COMPOUNDS OF HYDRATED 
YTTRIUM, LANTHANUM AND RARE EARTH 
PERCHLORATES 
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Departmento de Qulmica e Department de Mineralogia da Faculdade de Filosofia, 
Ciencias e Letras da Umversidade de Sao Paulo, Brazil 
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In a previous communication* 1 ) the preparation of addition compounds between 
dioxane and yttrium, lanthanum, cerium, praseodymium, neodymium, samarium, 
europium, gadolinium and erbium hydrated perchlorates were reported. It was 
observed that the thullium, dysprosium, holmium, terbium, ytterbium and lutetium 
hydrated perchlorates react with dioxane in the same way as the others, forming 
compounds with the general formula M(C104)3-9H20-4C 4 H802 This note describes 
the preparation of these compounds together with infra-red data and some 
isomourphous relations observed by X-ray powder patterns. 

Infra-red spectra. The spectra of the yttrium, lanthanum and rare earth complex 
perchlorates where determined in the infra-red region. In all cases, the dioxane 
spectrum was observed without essential modification. The peaks at 875 and 1122 
cm ~ 1(21 appeared in the infra-red spectra of all substances. According to results 
obtained with similar substances described in previous papers 11 - 41 the binding with 
dioxane must be relatively weak. 

X-ray powder patterns. The X-ray powder procedure showed two series of 
lsomorphous substances: 

(a) The first one includes the corresponding yttrium, lanthanum, cerium, 
praseodymium, neodymium, samarium, europium, gadolinium, terbium and 
dysprosium compounds. 

(b) The second one includes the corresponding holmium, thullium, erbium, 
ytterbium and lutetium compounds. 

The X-ray diffraction data will be published elsewhere. 

EXPERIMENTAL 

a. Dioxane addition compounds. They were prepared by heating on a water bath the 
corresponding oxides (TbtOi, DyiO}, H02O}, TnuOj, Yb20 3 and LU2O3, reagent grade, 
Johnson, Matthey E. Co., London) with the appropriate amount of 70 per cent perchloric 
acid and a few drops of perhydrol added. The solutions were evaporated to near dryness, 
the residues ground with excess dioxane and the resulting crystals recrystallized from hot 
dioxane. All compounds were stored in a vacuum desiccator over calcium chloride. 

ll) G. Vicentini, M. Perrier and E. Giesbrecht, Ber. Dtsch. Chem. Ges. 94, 1153 (1961). 

121 S. C. Burket and R. M. Badger, J. Amer. Chem. Soc. 72, 4397 (1950). 

131 M. Perrier, E. Giesbrecht, W. G. R. de Camaroo and G. Vicentini, Ber. Dtsch. Chem. 

Ges. 95, 257 (1962). 

l4) E. Giesbrecht, W. G. R. de Camargo, G. Vicentini and M. Perrier, J. Inorg. Nucl. Chem. 

24, 381 (1962). 


1351 



1352 G. Vicentini, J. V. Valarblu, M. Perrier and E. Giesbrecht 


>> 

■a 

c 

< 


ac 


O 

I 


:S>? 


o K ° s ' 
S tU w 
co 


18 

H 


aa 

X 0 \ 
UJ W 


J8 

H 


p 

o * 
u- * 


■a 

c 

3 

a 

E 

o 

U 


rH ITirN 

vb vb so >b *b vb 


t" M oo O Tf ^ 
so v© »r> v*> 

'■O VO so VO ^6 NO 


m r^- *o r~ 

^ r» 

O O p O O O 


flv oo - ^ VO O 
vc up up m rs rp 

© © © o © © 
f^in m n n 


^ N vo r* oo 
rn Tt up cn cN vc 
vO vo vo h- fv p- 


r- «o no Tf tj- 
n o oo n xp r 
vovooh-^r* 


- Tf ov m o ov 

rs m h- n o r* 
r~ r- oo oo oo 
Qv Ov Ov Ov Ov O' 


t/i 


a> 

* 5 


* 8 

75, 

c 

£ 

- V) 

8 

Vh 

3 

u, 

£ 3 

© 

.2 

o 

o 

U 

U 


q°-qqoo 
s*aaai 

oQooo 
£*£££ 


“ 00 

>Q, 


oo22oo 

gy§^Sg 

hQKh^ J 


The compound is colourless, with a slight pink or yellow hue 
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b. Analytical data. The rare earths were determined by the usual oxalate method. 
Water and perchlorate were determined by methods described in a previous paper. 15 * The 
analytical results are summarized in Table 1. 

c Solubilities. All compounds are very soluble in water, methanol, ethanol, acetone and 
ethylacetate. They are practically insoluble m chloroform carbon tetrachloride and benzene. 
All compounds are moderately soluble in hot dioxane and could be recrystalhzed frpm this 
solvent. 

d Infra-red spectra. The infra-red spectra were obtained with a Perkin-Elmer Model 
137 Double Beam Recording Spectrophotometer, using Nujol suspensions between rock 
salt plates. 

e. X-ray diffraction patterns They were obtained with a NORELCO unit, Buerger 
powder camera (114 6 mm) 

All samples were sealed in 0 5 mm Lindemann glass capillartubes and exposed to Cu-Aa 
radiation (A = 1 5148 A) at room temperature, during 18-24 hr. 

Acknowledgements —The authors wish to thank the Rockefeller Foundation and Conselho 
Nacional de Pesquisas (Rio de Janeiro) for financial support 

15 ) G Vicentini, M. Perrier, W G. R. de Camargo and J M. V. Coutinho, Ber. Dtsch. 
Chem. Ges. 94 , 1063 (1961). 
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THE RACEMIZATION OF COMPLEX IONS ON 
ACTIVATED CARBON—I 
THE RACEMIZATION OF POTASSIUM 
d-ETHYLENEDIAMINETETRA-ACETATOCOBALTATE(III)* 

W. C. Erdman and B. E. Douglas 
Department of Chemistry, University of Pittsburgh, Pittsburgh, Pa 

(Received 22 March 1962) 

Abstract —Activated sugar carbon accelerates the racemization of KfCo(EDTA)] without 
appreciable decomposition of the complex. The rate of racemization using equal weights 
of complex and carbon was found to follow essentially second order kinetics, first order in 
complex and first order in carbon. The activation energy of the racemization process was 
found to be 7-3 kcal/mole. Wood carbon of greater activity gave a pseudo first order reaction. 

Activated carbon is often used as a catalyst in the preparation of cobalt(III) 
complexes by oxidation of the corresponding cobalt(I I) complex using oxygen (in air) 
as the oxidizing agent It has been used to help establish equilibrium for determina¬ 
tions of stability constants of cobalt(III) complexes. It has been shown that the rate 
of racemization of D-tris(ethylenediamine)cobalt(lII) ion is greatly accelerated in the 
presence of activated carbon.* 11 

The racemization of tris(ethylenediamine)cobalt(III) ion on carbon has been 
studied m some detail and other catalysts have been investigated.3) The 
racemization of potassium D-ethylenediaminetetra-acetatocobaltate(III) will be 
discussed first because this was the first case for which a kinetic treatment was worked 
out The initial results with D-[Co(en)j]3 + and activated carbon* 11 did not follow 
simple kinetics. 

Initial studies of the racemization of K[Co(£DTA)] were made with wood carbon 
as used for the studies of the racemization of [Co(en)j]Clj. However, wood carbon 
caused the racemization of K[Co(EDTA)] to proceed too rapidly for convenient study 
under varied conditions. The absorption spectra taken of samples immediately after 
treatment with wood carbon gave evidence of some concentration loss. The activity 
of sugar carbon was found to be only about j to ^ that of an equal weight of wood 
carbon. The sugar carbon brought about the racemization of K[Co(EDTA)] at a 
convenient rate over the temperature range 0-50°C. Its activity was more easily 
reproducible than that of wood carbon. Since the concentration loss of the complex 
due to adsorption or reaction on the surface of the active sugar carbon was less than 
2 per cent, it was possible to treat the concentration of the complex as constant 
throughout a run. 

* This work was supported by grants from the Research Corporation and the U.S. 
Public Health Service, National Institute of Arthritis and Metabolic Diseases (Grant A-2219). 
Taken from a thesis submitted to the University of Pittsburgh in partial fulfilment of the 
requirements for the Ph.D. by W. C. Erdman, 1959. 

(1) B. E. Douglas, J. Amer. Chem. Soc. 76, 1020 (1954). 

<2) W. C. Erdman, H. E. Swift and B. E. Douglas./. Inorg, Nucl. Chem. 24, 1365 (1962) 
<3) W. C. Ferneuus and D. Sen, /. Inorg. Nucl. Chem. 10, 269 (1959). 
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The decreased activity of the sugar carbon was believed to be only partly due to the 
difference in particle size (200 mesh for wood carbon samples vs. 100 mesh for sugar 
carbon samples). No attempt was made to determine surface areas of the carbon 
samples. The accessible internal surface area depends on the size of the adsorbed 
particle. The surface area determined for some gaseous molecule might not give a 
reliable estimate of the surface area available for the complex ions. Although it seems 
certain that the surface area of the wood carbon is considerably greater than that of 
sugar carbon, it is possible that there are also more active sites per unit surface area of 
the wood carbon.* 


EXPERIMENTAL 

Optical rotations were measured with a Rudolph Model 70 Precision Polaruneter using 
sodium and mercury light sources with appropriate filters The instrument was fitted with 
a photoelectric attachment built in this laboratory. Cary Model and Beckman DU spectro¬ 
photometers were used for measurements of optical absorption spectra. 

The preparation of K[Co(EDTA)] 2 H 2 O was accomplished according to the method 
of Dwyer et a / <4 > The complex was resolved according to Dwyer’s method (5> The active 
complex had a specific rotation of + 1000° at 5461 A as reported by Dwyer 

Active wood carbon was prepared directly from Baker and Adamson decolourizing 
wood carbon by heating 15-20 g of carbon in a porcelain container for one hour at 800"C 
The ash layer was removed with a ± m. rubber tube connected to an aspirator. The tube 
was brought close to the surface of the carbon, causing the ash to be pulled away. This 
procedure avoids mixing the ash with the bulk of the carbon below it The carbon was stored 
in a desiccator until ready for use Sugar carbon was prepared by burning cane sugar One 
thousand grammes of sugar was ignited in a porcelain container The ignition and burning 
were speeded by heating the container with a Fisher burner from above during the early 
part of burning. The sugar was added slowly to avoid excessive foaming The carbonaceous 
mass was allowed to cool and was ground to a coarse powder in a mortar The final grinding 
to a particle size of 100 mesh was accomplished in a ball mill The sugar carbon was ignited 
for 1 hr at 800“C in a muffle furnace Smaller samples were activated in a similar manner to 
that used for wood carbon by heating in the furnace for another hour within a few days of use 
A determination of ash content gave a value of 8 per cent ash for wood carbon and 0 2 per 
cent for sugar carbon The ash residue from sugar carbon samples did not give a basic reaction 
when leached with water as did wood carbon samples and gave no precipitate with sodium 
oxalate or silver nitrate 

* The total number of sites must be small in all carbon samples Compared to the total 
number of molecules of complex with equal weights of carbon and complex as used in most 
experiments, there is a ratio of 32 carbon atoms to one complex ion Assuming a surface 
area of 3 x 10 J cm 2 /g of carbon for a typical sample of carbon, then the area per atom ot 
carbon would be 6 x 10~ 5 A/atom Since the C-C bond distance in graphite is approximately 
1 -42 A, the cross-sectional area per atom is 1 58 A 2 Therefore there should be about 3 x 10 1 
atoms of carbon/atom on the surface For a typical sample of 25 mg of carbon there would 
be about 4 x 10 16 carbon atoms on the surface. However, in 25 mg of K[Co(EDTA)] 2 H 2 O 
there are 3 -6x 10 19 complex 10 ns 

In addition to active sites on the surface of the carbon one might consider sites within 
the porous structure of the charcoal. Although stirring of the slurry would minimize diffusion 
effects around the carbon particles, the internal diffusion would remain largely unaffected 
Because of the rapidity of complete exchange with the carbon surface as evidenced by the 
rapid racemization with the very active carbon and the low adsorption, it was assumed that 
slow diffusion processes must be relatively unimportant 


F. P. Dwyer, E. C. Gyarfas and D. P Mellor, J. Phys. Chem. 59, 296 (1955) 
§p> F. P. Dwyer and F. L Garvan, Inorg Syntheses , VI, 192 (1960). 
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The sample container was a 150 ml Erlenmeyer flask. A typical sample contained 25 mg 
of complex and 25 mg of carbon in 50-00 ml of water. The flask was immersed to the neck 
Hi a thermostatted water bath. Samples were stirred with a magnetic stirring-bar to avoid the 
inconvenience of a stirring shaft through the top of the container. Any such stirring shaft 
makes removal of samples more difficult. The stirring bar actuator was a bar magnet driven 
by four coupled right angle drives. This immersible magnetic driving system had the 
advantage of allowing direct use of the water bath to thermostat the reaction vessel, avoiding 
the necessity for a jacketed container and circulating system 

The reaction was timed with an electric stop-clock actuated whenever carbon was 
introduced to the samples in the thermostatted reaction vessel. Since racemization was 
“frozen” upon removal of the carbon from samples, rapid filtration is an excellent way to 
stop the progress of the reaction. Ordinary filtration techniques involving several transfers 
are time consuming and ordinarily require one to two minutes for completion. The method 
that was adopted uses 7 mm glass tubing packed with Pyrex wool as a filter. The packed 
tubes were placed, using a fitting prepared for the purpose, on the end of a 10 ml hypodermic 
syringe. It was found that samples could be filtered and withdrawn in five to ten seconds. 
The efficiency of this method in removing carbon was tested by withdrawing a sample of 
D-K[Co(EDTA)] from a carbon slurry through one of the filters. The solution was examined 
for optical rotation immediately after withdrawal. It was then thermostatted for 1 hr at 50°C 
and rechecked at the end of this period with no loss of optical activity noted. 

RESULTS 

The results of racemization of d-K[Co(EDTA)] on wood carbon indicated good 
agreement with first order kinetics. (See Fig. 1.) The activation energy calculated 
from wood carbon racemization curves by plotting 1/T vs. log k gave a value of 7-1 
kcal/mole. 



Fig. 1.—First order plots for the racemization of K d-[Co(EDTA)] (25 mg) in 
the presence of active wood carbon (25 mg) in 50 ml of water. 

The racemization using equal weights (25 mg) of complex and sugar carbon did 
not follow first order kinetics. A plot of 1/a vs. time gave a nearly linear plot over the 
temperature range 10-50°C (see Fig. 2). This result would be expected if the reaction 
were second order in complex or first order in carbon and first order m complex with 
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the starting concentrations nearly equal. When the amount of carbon or its activity 
were changed, the 1/a vs. time plot was no longer linear, thus eliminating the possibility 
of a reaction second order in complex. It should be noted that a large excess of carbon 
or a very active carbon sample should cause the reaction to be pseudo first-order 
The high activity of the wood carbon gave an effectively high “concentration” of 
active sites, so that the observed first order plot using wood carbon is consistent with 
a second order reaction. 



Fig. 2.—Second order plots for the racemization of K d-[Co(EDTA>] (25 mg) 
in the presence of active sugar carbon (25 mg) in 50 ml of water 


The reaction would be expected to differ from the usual second order reaction in 
that, although the active carbon sites are apparently depleted during the reaction as 
expected, the concentration of complex is constant because the active and racemic 
complex are chemically identical and should compete equally for the active carbon 
sites. The decrease in optical rotation permits one to follow the course of the reaction 
although the effective concentration of complex does not change, but is equal to the 
initial concentration. The reaction may be represented as follows - 


A+C- 

-2—► BC 

(1) 

B+C- 

_*L_> BC 

(2) 

BC- 

-♦ B+C 

(3) 

[A 0 ] ^ [A]+[B]+[BC] 

(4) 


where [Aq] is the total concentration of complex, A is the optically active complex. B 
is the racemic compiex, C is the active carbon, C' is the deactivated carbon, and BC is 
the complex adsorbed on carbon. Since BC is small as indicated by optical absorption 
data, 


[A 0 ] s [A]+[B] 


(5) 
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The rate of change in “concentration” of carbon is given by: 

= fc[A][C]+*[B][C] = /c[C][A 0 ] 

from which the rate law is found to be: 

[C] = [CoJe"^' 

where [Co] is the initial carbon concentration. 

The rate of change in concentration of complex is given by: 

= k[ A][Co>~* [A o] ' 

from which Equation (9) is obtained with substitution from Equation (7) 


( 6 ) 


(7) 


( 8 ) 


(9) 


No direct measure of the effective “concentration” of active carbon was available. 
If the reaction were first order m complex and first order in carbon, the plot of I/a vs. 
time would be linear only if the initial concentrations of complex and carbon were 
equal The effective carbon concentration was interpreted as representing the number 
of active sites on the carbon surface. Since the value used seemed quite arbitrary, the 
linearity of the 1/a plot was taken as the basis for evaluating the concentrations. The 
observed rotation of the complex for this plot was used for the “concentration” of 
complex and of active carbon sites. For the case where the weight of carbon was J 
that of the complex, the “concentration” of carbon was taken as 4 the observed 
rotation of the complex. Equal weights (25 mg) of carbon and complex gave linear 
I/a plots for the carbon samples used for the initial study with sugar carbon and for 
the runs carried out at different temperatures. The carbon used for the studies 
involving varying ratios of carbon and complex was slightly less active so that the 
“concentrations” of complex and carbon were taken as equal (linear 1/a plot) for a 
ratio of 24 mg of complex to 25 mg of sugar carbon. 

Equation (9) gave excellent agreement with the observed rates over the first 20-30 
min of the reaction (Fig. 3). However, for the concentrations used, the difference 
between a simple second order process and one described by Equation (9) is small for 
short time intervals. It is only after an appreciable amount of racemic complex has 
accumulated that deviation from second order kinetics is expected. Unfortunately at 
long time intervals the reaction departed from both types of kinetics. Higher 
concentrations of carbon and complex were tried because the predicted difference 
becomes greater at short time intervals for higher concentrations The results at high 
concentrations showed even more marked deviation from both types of kinetics as 
the time interval increased. Lower concentrations were also tried and gave good 


agreement (Fig. 4) when plot of: 


TAnl fAl 

log (2-3 p—^ log p—4. +1) vs. time was made. 

|>oJ |_AoJ 




Tima (min) 


Fig. 4.—Kinetic plots for the racemization of K d-[Co(EDTA>] in the presence 
of active sugar carbon at 30°C, (a) 48 mg complex and 24 mg carbon m 50 ml 
water, (b) 24 mg complex and 12 mg carbon in 50 ml water, (c) 12 mg complex 
and 24 mg carbon in 50 ml water. 


No effective way was found to distinguish more clearly between the second order 
kinetics and the mechanism described by Equation (9). However, it is apparent that 
the complex mu$J compete equally well for the carbon as does the optically active 
complex. Any strictly second order process would have to assume the racemic 
complex inert toward the carbon. This has been shown not to be the case.< 2) The 
rate constants calculated from Equation (9) were slightly more consistent than those 
Calculated for a second order process-(Table 1). 

lit 
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Table 1.— Rate constants for the racemization of K[Co(EDTA)] on 
SUGAR CARBON AT 30°C 


[Aol 

(Complex 

[Co) 

(Carbon) 

k 

(Product reacts)* 

k 

(Second order) 

0-46 

0-46 

010 

0-086 

0-23 

0 46 

0-10 

009 

0-46 

0-23 

0-11 

0-10 

050 

0-50 

0 092 

0-08 


* k is obtained from the slope of the straight line in plots of Equation 
2-3 

(9) (see Fig. 4). k = slope x —— 


The observed rotations were in somewhat better agreement with the theoretical 
curve for Equation (9) than for a strictly second order reaction. The failure to obtain 
a clear cut choice between the two mechanisms can be attributed, at least partly, to the 
use of a second order plot (1/a) as the basis for adjusting and evaluating the carbon 
“concentration”. However, except for high concentrations and/or long time intervals, 
the two processes differ only slightly (Fig. 5). 



Fig. 5.—Kinetic plots for the racemization of K d-[Co(EDTA)] (25 mg) in the 
presence of sugar carbon (25 mg) in 50 ml water at 30°C. Circles represent 
experimental points, (a) is the theoretical curve for Equation (9), (b) is the 
theoretical curve for a simple second order process. 

If, as would be expected, the active carbon sites differ in the number of collisions 
needed for their deactivation, then deviations in the kinetics at extended time intervals 
become understandable. With differences in the effective lifetime of the sites in the 
presence of complex, the persistence of long lived sites would produce a carbon site 
population that is substantially different from the initial one. Such a site population 
would make the carbon behave as a more effective reactant than would otherwise be 
expected if all sites were identical. This was the observed experimental behaviour with 
deviations always tending to make rotations lower than predicted. 
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The activation energy for the reaction on sugar carbon using the rate constant from 
Equation (9) gave a value of 7-3 kcal/mole (see Fig. 6 ). This is in excellent agreement 
with the results for wood carbon (7-1 kcal/mole) where an assumption of first order 
kinetics was made. It is much lower than the activation energy for thermal racemiza- 
tion<«> (40-6 kcal/mole). 



Fio 6.—Plot for the determination of the activation energy for the racemization 
of K d-[Co(EDTA)] in the presence of active sugar carbon 


Spectral examination of a solution of K[Co(EDTA)] after treatment with a sample 
of very active wood carbon for 30 min revealed a concentration reduction (15 per cent) 
but no indication of the formation of a new compound These conditions were much 
more drastic than those used for the racemization studies When 3 per cent HjOi 
was added to these samples while in contact with carbon the extent of concentration 
loss was lessened The addition of H 2 O 2 after removal of the carbon recovered about 
\ of the original concentration loss caused by contact with the carbon. The use of 
H 2 O 2 was suggested because this is an oxidizing agent used in the preparation of 
K[Co(EDTA)]. Apparently the presence of the reduced species is masked by the 
stronger optical absorption of the [Co(EDTA)] - ion. Because the oxidation of 
[Co(EDTA)] 2- was found to be much faster in basic solution, the samples were 
adjusted to pH 9 with KOH after the addition of H 2 0 2 After about 5 mm the samples 
were adjusted to pH 2 with dilute HNO 3 and allowed to stand for 30 min before 
measurement. Amy quinquidentate complex that might be present is rapidly converted 
to sexadentate in acid solution. The effect of electrolytes on the absorption maxima 
was checked by measurements made in the presence of 01 M KC1. No significant 
change was observed. Similar experiments with sugar carbon, where the concentration 
loss is much smaller (less than 2 per cent), revealed a recovery of about | of the total 
concentration loss resulting from contact with the carbon. The total concentration 
loss and extent of reduction w.ere almost temperature independent over the range 
10-25°C. 

< 6 > D. W. Cooke, Y A Im and D H. Busch, Inorg. Chem. 1, 13 (1962). 
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INTERPRETATION OF RESULTS 

The racemization of K[Co(EDTA)] on active carbon indicates a reaction that is 
first order in complex and first order in carbon. Although the carbon is commonly re* 
ferred to as a catalyst, it is obvious that its activity decreases as though it were reacting 
in stoicheiometric proportions. A comparison of the probable number of active carbon 
sites with the number of molecules of complex indicates that an active carbon site has 
a probable lifetime extending over many interactions with molecules of complex. 

Although some reduction of the complex is indicated in experiments with wood 
carbon, the amount of reduction using sugar carbon is very small. Thus the 
racemization of [Co(EDTA)] - by electron exchange with the reduced species in 
solution is probably relatively unimportant. The electron rich carbon surface might 
be pictured as holding the complex ions during the time they are adsorbed in a quasi 
reduced state, thus aiding the racemization process. If this were so, it would be 
difficult to understand why the reaction should be first order with respect to carbon. 

The activation of carbon will be discussed m a later paper. The activation seems 
to require the removal of chemi-sorbed oxygen which is removed as CO on ignition. 
The removal of CO might create active sites by leaving “craters” or regions in which 
the carbon atoms have unsaturated valences. These high energy sites might give up 
some of their energy to adsorbed complex ions which are large enough to span the 
crater and bring about some “healing” of the jagged edges. The complex ions in an 
activated state could more readily undergo intramolecular racemization. The activity 
of the carbon is known to be diminished in the presence of racemic complex and more 
slowly in contact with water alone < 2 > 

The small number of active sites would require that each site bring about 
racemization of many complex ions. The activated complex ions which have enough 
energy for intramolecular racemization might also transfer energy to other complex 
ions by collision to bring about the racemization of other complexes by a chain 
reaction, possibly terminated by solvent deactivation. The average number of 
racemization processes brought about by each site, directly or indirectly, must be 
reproducible in order to permit the first order dependence on carbon. If this is the 
correct mechanism the carbon is an unusual reactant which serves merely as a source 
of energy for the intramolecular racemization. 
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THE RACEMIZATION OF COMPLEX IONS ON 
ACTIVATED CARBON—II 

THE RACEMIZATION OF d-TRIS(ETHYLENEDIAMINE)COBALT(III) 
CHLORIDE AND OTHER COMPLEXES* 

W. C. Erdman, H. E. Swift and B. E. Douglas 
Department of Chemistry, University of Pittsburgh, Pittsburgh, Pa. 

(Received 22 March 1962) 

Abstract—Silica gel, activated alumina, platinized asbestos, and partially reduced zinc oxide 
were found to have no effect on the rate of racemization of several complexes studied. 
Raney nickel caused the decomposition of [Co(en) 3 ]Cb. Activated carbon decomposed 
KjIOtfCzCUb] and K 3 [Cr(C 2 C> 4 ) 3 ]. It caused some conversion to the trans isomer of 
£U-tCo(en) 2 (N 0 2 )JBr 3 , in addition to accelerating the racemization of the complex. 
Using wood carbon activated at 700°C for 1 hr, the racemization of D-[Co(en) 3 ]CL was 
found to be essentially second order, first order in complex and first order m carbon. The 
activation energy for the racemization process was 17 kcal/mole. Although an electron 
exchange mechanism for the racemization on carbon cannot be ruled out, an intramolecular 
process is favoured. 

Carbon has been observed to accelerate the racemization of optically active 
[Co(en) 3 ]Cl 3 ,<i-3> K[Co(EDTA)],<4> and [Pt(en) 3 ]Cl 4 .<5> T he optically active 
[Rh(en) 3 ]Cl 3 complex has been found to be unaffected by activated carbon. < 5 > It 
seemed desirable to investigate the effect of activated carbon on other complexes and 
the effect of other catalysts. The success of the kinetic treatment of the results with 
K[Co(EDTA)] <4) made it seem desirable to investigate further the racemization of 
[Co(en) 3 ]Cl 3 on carbon. 

EXPERIMENTAL 

Instrumentation. The apparatus for the racemization studies and for the measurements 
of optical rotation were the same as described previously. (4) 

Preparations . [Co(en)j]Qj was prepared by the method of Work (7 > and resolved by 
Werner’s method* 7 * involving the fractional crystallization of the chloro-D-tartrate salt. 
The dextro isomer was purified by repeated recrystalhzation of the chlorotartrate salt and 
finally converted to the chloride salt by the addition of concentrated HO and alcohol. The 
very soluble levo diastereoisomer could not be purified as the chlorotartrate salt. It was 
converted to the chloride salt with HO. The active chloride salt was recrystallized several 
tunes to improve the resolution of the complex by separating the less soluble racemic complex 
from the more soluble active complex. The specific rotations obtained for the resolved 
d and l chloride salts were + 165° and -155°, respectively. Werner reported [aJu = 152°, 
and —154°, respectively. 

* This work was supported by grants from the U.S. Public Health Service, National 
Institute of Arthritis and Metabolic Diseases (Grant A-2219) and the Research Corporation. 
It is based upon portions of doctoral dissertations of W. C Erdman (1959) and H. E. Swift 
(1961), The University of Pittsburgh. 

<0 B. E. Douglas, J. Amer. Chem. Soc. 76, 1020 (1954). 

(2i F. P. Dwyer and A. M. Sargeson, Nature, Lond. 187, 1022 (1960). 

(3) H. E. Swift and B. E. Douglas, Nature, Lond. 193, 1173 (1962). 

U) W. C. Erdman and B. E. Douglas, Part I, J. Inorg. Nucl. Chem. 24, 1557 (1962). 

(3) D. Sen and W. C. Ferneuus, J. Inorg. Nucl. Chem. 10, 269 (1959). 

( ‘> J. B. Work, Inorg. Syntheses II, 221 (1946). 
m A. Werner, Ber. Dtsch. Chem. Ges. 45,121 (1912). 
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The preparation of Ks[Co(C 204 ) 3 ]- 3 H 20 followed the method of Bailar and Jones.**) 
It was resolved by Jaeger’s method* 9 * involving the fractional precipitation of the strychnine 
salt. The specific rotation observed for L-KsICofCjO^al HaO was [a]j46i = -717° as 
compared to - 140° reported by Jaeoer. 

A sample of c/r-[Co(en)2(N02)2jBr 3 was prepared by the method of Holtzclaw et alM oi 
and resolved by Dwyer's method.'" 1 The specific rotation observed was [afo = 42°, the 
same as reported by Dwyer. 

A sample of [Cr(en) 3 ]Cl 3 was prepared by the method of Rollinson and Bailar 1 ' 2 j 
and resolved by Werner’s method.< 13 > The specific rotation of D-[Cr(en) 3 ]h was [a]s 46 i = 88 
as compared to 131 ° reported by Werner No attempt was made to improve the resolution 
because of the failure of the complex to undergo racemization with activated carbon 

Potassium tris(oxalato)chromate(III) was prepared by the method of Bailar and 
Jones.*** It was not resolved since the complex was decomposed by activated carbon 

The activation of Barer and Adamson wood carbon was described previously * 4 * The 
initial studies were made with carbon activated at 800°C for 1 hr. The carbon used for the 
kinetic studies and for the determination of the activation energy for racemization was 
activated at 700° for 1 hr Silica gel was washed with dilute HC1 and then twice with distilled 
water. It was then dried at 130°C for 6 hr Catalytic alumina was activated by heating 
for 6 hr at 160°C. Samples of Raney nickel and platinized asbestos were prepared by 
standard methods. Zinc oxide was partially reduced by passing H 2 over a sample of zinc 
oxide at red heat. 

The sampling technique was the same as described earlier* 4 * for some of the work 
However, in the kinetic studies of the racemization of [CofenXJCb some difficulty was 
experienced in completely removing the carbon by filtration through a piece of glass tubing 
packed with Pyrex glass wool Consequently, for these runs the sample was removed with 
a pipette and filtered quickly through a sintered glass funnel using suction. Except for the 
runs involving varying ratios of complex to carbon, the samples contained 0-500 g [CofenXjCb 
and 0 500 g carbon in 50 ml water. The runs with the other solid catalysts involved 1:5 ratios 
of complex to catalyst (by weight) 

RESULTS 

Raney nickel caused the decomposition of even the robust [Co(en> 3 ]Cl 3 so that 
it was not investigated further Silica gel, activated alumina, platinized asbestos., 
and partially reduced zinc oxide had no effect on the complexes investigated at 50 "C 
Silica gel and alumina were selected to provide examples of acidic and basic surfaces 
The partially reduced zinc oxide was tried as a possible electron source in case the 
racemization occurred by electron exchange 

Potassium tris(oxalato)chromate(III) and potassium tns(oxalato)cobaltate(III) 
were decomposed by activated carbon at 40°C. Tris(ethylenediamine)chromium(IJI) 
chloride did not undergo racemization at 50°C There was some decrease in 
adsorbance (about 5 per cent) caused by decomposition or adsorption of the complex 
by the carbon. In order to determine whether the activity of the carbon was being 
destroyed by some decomposition of the complex, the racemization of K[Co(EDTA)] 
was followed in the presence of [Cr(en) 3 ]Cl 3 and carbon. No greater effect on the 
racemization of K[Co(EDTA)] was noted than caused by an equivalent amount of 
KCl. 

<*> J. C. Bailar, Jr. and E. M. Jones, Inorg. Syntheses I, 37 (1942) 

<»* F. M. Jaeoer, Rqc. Trav. Chim. 38, 251 (1919). 

< 10 * H. Holtzclaw, D. Sheetz and W. McCarty, Inorg. Syntheses IV, 176 (1953). 

*"* F. P,- Dwyer and F. L. Garvan, Inorg. Syntheses VI, 195 (1960). 

( 12 ) a t. Rollinson and J. C. Bailar, Jr., Inorg. Syntheses II, 198 (1946). 

*13* A.‘ Werner, Ber. Dtsch Chem. Ges 45, 867 (1912) 
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The racemization of dj-fCofcn^NO^dBrj proceeded at a convenient rate at 
40 or 50°C using 200 mg of complex and 200 mg of carbon in 50 ml of water. However, 
an examination of the spectrum of the final solution revealed some conversion to the 
irons isomer, although this conversion was slower than the racemization. The half- 
life for the racemization is about 4 mm at 50°C while the conversion to the Irons 
isomer is only about 5 per cent complete in that time. The isomerization was not 
investigated further because the similarity m the spectra of the cis and trans isomers 
made quantitative treatment of the results difficult. 

The early studies of the racemization of [Co(en)j]Cl 3 by wood carbon activated at 
800°C for 1 hr showed no promise for a kinetic treatment of the data. The data did 
not follow simple kinetics. Dwyer' 2 ' reported that the complex was partially reduced 
(6 per cent) by boiling with carbon for 3 mm. Sen and Fernelius (5> noted that de¬ 
composition of the complex was extensive after boiling for 5 min with carbon and was 
essentially complete in 10 mm. At 80°C little decomposition was observed in 15 min, 
although racemization was complete. Douglas' 1 ' found that the absorption spectrum 
of the complex was not altered appreciably after 5 mm at 90°C. However, the 
experiments were not conducted m such a way as to reveal concentration losses due 
to adsorption. At the temperatures used in the present study (30-50°) the extent of 
concentration loss or decomposition was slight (2-3 per cent after 3 min and 4-5 per 
cent after 30 min at 50° in the presence of the more active carbon). Apparently the 
diminution of the adsorption peak at 468 m/x was caused by decomposition of the 
complex with the formation of a new complex, since the peak at 337 m/i increased in 
intensity. The less active carbon (activated at 700°) used for the kinetic studies gave 
no significant alteration in the adsorption spectrum after one hour at 40°C. 



Time, mm 

Fra. 1. —Plots of 1/a vs. tune for equal weights of D-[Co(en)}]Cl 5 in 50 ml of 
water at 40°C (0,0-500 g samples; 0-250 g samples). 
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Although the racemization of [Co(en) 3 ]Cl 3 using carbon activated at 800°C did 
not follow simple kinetics, the plots of 1/a vs. time were reasonably linear using equal 
Weights of complex and carbon activated at 700° (Fig. 1). As in the case of 
K[Co(EDTA)],«> the second order plots were interpreted as indicating a reaction 
first order in complex and first order in carbon. To check this, second order 
plots were made using data obtained for runs involving 2:1 and 1:2 ratios of complex 
to carbon (Fig. 2). These linear plots were obtained by expressing the concentration 
of active complex as the observed rotation and the "concentration” of carbon as the 
rotation of an equal weight of complex. < 4 > 



Fto. 2.—Kinetic plots for the racemization of D-[Co(en) 3 ]Cb m the presence of 
active wood carbon at 40°C, (A) 0-500 g complex and 0-250 g carbon in 50 ml 
water, (B) 0-250 g complex and 0 500 g carbon m 50 ml water. 

It has been pointed out that the reaction would be expected to deviate from a 
strictly second order process after some racemic complex has accumulated. 14 * This 
is true because the racemic complex and active complex are chemically identical and 
both can deactivate ^hc active carbon sites. However, the difference between the two 
mechanisms is slight except for long time intervals. The data obtained for the 
racemization of [Co(en) 3 ]Cl 3 could be treated satisfactorily assuming a second order 
reaction. The second order rate constants varied more widely than those for 
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K[Co(EDTA)], but no improvement was obtained for the mechanism in which the 
deactivation of carbon by the racemic complex was considered. The second order 
rate constants are given in Table 1. The activation energy obtained from the plots of 


Table 1.—Second order rate constants for the racemization of 
D-[Co(en) 3 ]Clj on activated wood carbon at 40°C 


Weight of complex 
(g in 50 ml) 

Weight of carbon 
(g in 50 ml) 

Second order 

Rate constant 

0-25 

0-25 

0-025 

0-50 

0-50 

0-025 

0-25 

0-50 

0-033 

0-50 

0 25 

0-014 


log k vs. 1/T (Fig. 3) was 17-3 kcal/mole. Although there are significant differences in 
the rate constants given tn Fig. 3 (for the same temperature) using different samples of 
carbon and different concentrations, the activation energies obtained agreed within 
01 kcal. Because of some variation of the activity of the carbon from one batch to 
another, a set of similar runs was carried out within a day or two with carbon freshly 
activated in one batch The variation in activity results in differences in the observed 
rate constants since a change in activity changes the number of active sites in a sample 
of carbon. The constancy of the activation energy gave added confidence in the 
proposed kinetic treatment. 

In typical runs the carbon was added to a solution of the sample of complex in 
50 ml of water in a constant temperature bath. In one run the carbon was allowed to 
stir in the water for 15 mm at 40 °C before the complex was added to determine the 
extent to which the carbon is deactivated m contact with water. The racemization 
of the complex proceeded more slowly using the carbon which had been in contact 
with water. The 1/a plot was still reasonably linear, giving an apparent second order 
rate constant of 0-014 compared to 0-025 for normal runs. 

In order to verify the deactivation of the carbon by racemic complex, a 0-500 g 
sample of carbon was added to a solution of 0-025 g of racemic complex in 50 ml of 
water and allowed to stir for 15 mm before 0-250 g of active complex was added. In 
this case the rate of racemization was decreased markedly and seemed to level off 
after about 30 min, with the optical rotation reduced by about 30 per cent. The same 
weight (0-250 g) of active complex in the presence of 0-500 g carbon loses half of its 
activity in 15 min. 

DISCUSSION OF RESULTS 

The results with the various catalysts tried do not permit any conclusions to be 
reached concerning the requirements for a good “catalyst” for the racemization of 
complexes. Activated carbon seems to be the only “catalyst” suitable for general 
study. 

Obviously only very stable complexes lend themselves to the study of racemization 
on activated carbon. Since both cationic and anionic complexes undergo racemization 
in the presence of activated carbon, the charge on the complex cannot be critical. The 
complexes for which the results have significance are [Co(en) 3 ]Cl 3 , K[Co(EDTA)], 
w-[Co(en) 2 (N0 2 )23Br 3 , and [Cr(en) 3 ]Cl 3 . 
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The first order dependence on carbon of the racemization of [Co(en) 3 ]Cl 3 and 
K[Co(EDTA)] suggests that the carbon “reacts” stoichiometricaUy in both cases. The 
assumption that each active site must cause many racemization events has already 
been discussed. (4) The racemization of [Co(en) 3 ]CI 3 on carbon requires a much 
higher activation energy than that for K[Co(EDTA)] (7-3 kcal/mole) and the more 
active wood carbon is needed for the former complex. Apparently many of the 
active sites on sugar carbon for the racemization of K[Co(EDTA)] cannot supply 
sufficient energy for the racemization of [Co(en) 3 ]Cl 3 . 



Fio. 3.—Plots for the determination of the activation energy for the racemiza¬ 
tion of D-[Co(en)j]Cl 3 in the presence of active wood carbon, using equal 
weights of complex and carbon in 50 ml water, (A) 0 400 g samples, (B) 0 500 g 

samples 

It is remarkable that such heterogeneous reactions seem to follow simple second 
order kinetics. Of course arbitrary adjustments have been made in the weight 
and activity of carbon used m order to obtain linear plots of 1/a vs. time. The results 
obtained in the presence of racemic complex make it apparent that the reaction 
should deviate from a simple second order process as the racemic complex accumulates 
However, second order kinetics seem to describe the process adaquately for the 
conditions used. The fact that the carbon is deactivated in the presence of water, 
even though more slowly than in the presence of the complex, indicates that this is 
another factor not considered in the simple second order mechanism. Apparently this 
effect is,, compensated for in the .experimental choice of the weight and activity of 
carboa'used. 

Tfeere is less consistency among the rate constants obtained for the racemization 
°f[0^ 3 ]Cl 3 as compared to those for K[Co(EDTA)].< 4 > The rate constant obtained 
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for a ratio of complex to carbon of 2:1 is lower than that for a 1:1 ratio, while the 
value of a 1:2 ratio is high. These results might be expected from the deactivation of 
carbon by water. This deactivation was compensated for by the choice of conditions 
for the 1:1 ratio. It would be relatively less important in the presence of a high 
proportion of carbon so that the “extra” carbon would speed up the racemization. 
It would be relatively more important for a low proportion of carbon, slowing down 
the racemization. 

The failure of [Cr(en) 3 ]CI 3 to racemize m the presence of carbon was surprising 
since the chromium oxalato complex undergoes autoracemization more rapidly than 
the cobalt oxalato complex. This difference between the ethylenediamme complexes 
on carbon suggests for the racemization of [Co(en) 3 ] 3+ an electron exchange 
mechanism, as proposed by Dwyer, < 2 > since reduction to the 2+ state might be 
expected to occur more readily for the cobalt complex. However, there is also the 
possibility that the racemization of [Co(en) 3 ] J+ occurs through an intramolecular 
process involving an activated state of the complex Perhaps the corresponding 
activated state of [Cr(en) 3 ] 3+ is less readily accessible. 

The report that the racemization process of [Co(en) 3 ] 3+ on carbon proceeded 
through an electron exchange process was based on the observation that the 
racemization was much slower in the presence of H 2 S0 4 , presumably because of the 
destruction of the labile cobalt(II) complex. A preliminary report of the effect of 
electrolytes on the racemization by carbon has shown that Li 2 S0 4 has almost as 
great an effect on the racemization as does H 2 S0 4 A more complete report of the 
effect of electrolytes will be discussed in Part III. 

The racemization of m-[Co(en) 2 (N0 2 ) 2 ] ■ was faster than the conversion to the 
irons isomer in the presence of carbon. The racemization and cis-trans isomerization 
can both occur by the same intramolecular mechanism involving the twisting of one 
tuangular face of the octahedron relative to the opposite face (l41 There are more 
ways to twist the complex ion to bring about racemization than there are to bring 
about cis-trans isomerization It is also possible that these processes do not all 
have the same activation energy 

While an electron exchange mechanism cannot be ruled out, it is felt that an 
intramolecular mechanism is probably more important The sites of the carbon are 
pictured as providing the necessary energy for the intramolecular racemization Each 
site must be used many times or else the complex ions which have acquired the 
necessary energy from the carbon surface must be able to transmit it to other complex 
ions by collision A chain reaction involving transfer of vibrational energy from one 
complex to another would have to be terminated after a number of such events, possibly 
by the solvent, in order to result in first order dependence on carbon. The proposed 
mechanism has been discussed more fully elsewhere/ 4 * 


(14) J. C. Bailar, Jr., J. Inorg. Nucl. Chem. 8, 172 (1958). 
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Abstract—Conditions for the use of the azide as a spectrophotometnc reagent for Cr(III) 
are investigated. The system obeys Beer’s law in the range of 4-320 p.p m. The colour is 
affected by acid concentration; maximum colour development is attained in a pH range of 
4 2-5 2. Interference due to Cu 2+ , Fe 3 + and UCh 2+ ions can be reduced by adding a few 
ml of EDTA. The logarithmic method confirmed the existence of a monoazidochromium(III) 
ion in dilute soluhons In concentrated solutions. Job’s method of continuous variation 
revealed the existence of a series of complexes between chromium and azide ions varying 
in composition from 1 1 (green) to 1.6 (violet) chromium to azide 

In connection with studies entailing the reaction of Cr(III) (violet form) with sodium 
azide in aqueous solution and the characterisation of the structure of the possible 
complex ions/') n became necessary to study the use of the coloured solutions for the 
spectrophotometnc determination of minute amounts of Cr(Ill) Only a limited 
amount of data is available in the literature concerning the determination of Cr(III) 
by colormetnc methods Other spectrophotometnc determinations are generally 
based on the oxidation to Cr(VI) m aqueous solutions prior to measurement. This is 
probably due to the slow reaction of the strongly hydrated Cr(lll) ions with many 
ligands. However, oxidation requires severe conditions for accurate results. The 
azide reaction has been used recently for the determination of a few transition elements, 
such as Fe 3+ ,< 2 > Cu 2 + < 3 > and U0 2 2+ (4) The azide ion Nj, similar to the thiocyanate, 
is a member of the pseudohalogenoid group and forms highly intense coloured 
complexes. Sodium azide, a strong electrolyte, has no absorption in the visible range; 
this is an advantage in spectrophotometnc measurements In spite of the high 
sensitivity of this reagent towards Cr(IIl), its use is limited to weakly acidic solutions. 
Strong mineral acids decompose the colour owing to the displacement of the weakly 
dissociated hydrazoic acid. Nevertheless, the determination can always be carried 
out in solutions with adjusted pH values and traces of chromium can thus be deter¬ 
mined Conditions for this procedure are discussed m the present investigation. The 
method of continuous variation of Job< 5) was applied to chromium azide in relatively 
concentrated solutions, so as to indicate the possible formation of different complexed 
species in the same solution. 

111 F- G. Sherif and W. M. Oraby, J. Inorg. Nucl. Chem. 17, 152 (1961). 

I2) H. K. El-Shamy and F. G. Sherif, Egypt. J. Chem. 1, 35 (1958); 2, 217 (1959), 

111 G Saini and G Ostocali, J. Inorg. Nucl. Chem. 8, 346 (1958). 

F G. Sherif and A M. Awad, J. Inorg. Nucl. Chem 19, 94 (1961). 

1,1 p Job, C.R. Acad Sci , Pans, 180, 928 (1925) 
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EXPERIMENTAL 

The preparation and analysis of the different solutions used, together with the 
experimental procedures are given in a previous article.* 1 * The hydrated violet form of 
chromium nitrate was used. Colour intensities were measured by a Unicam spectrophoto¬ 
meter S,P.500, The pH values were measured using a Cambridge pH meter, model G. 

RESULTS 

Effect of concentration of reagents 

The absorbancy of one series of solutions containing 0-008 M Cr(III) and 
0 02 N HC10 4 and varying amounts of 1 M azide solution (25 ml total volume) was 
measured at the wavelength 440 m/i. From the data presented in Table 1, it appears 
that the maximum intensity of the colour was reached when, the concentration of the 
reagent reached 0-2 M. Further addition of azide resulted in turbidity and eventually 
basic chromium azide was precipitated. However, in concentrated solutions the 
precipitate dissolved after 48 hr and the solution turned violet. In another series of 
solutions containing the above concentration of Cr(HI) and 0-2 M NaN 3 , varying 
amounts of 1 N HCIO 4 were added and the total volume adjusted to 25 ml. Maximum 
absorbancy was reached when the concentration of acid was 0 06 N. Higher con¬ 
centration of the acid resulted m a decrease in intensity and the solutions smelled 
strongly of hydrazoic acid. The pH values of this series of solutions were measured 


Table 1.—Effect of reagents on colour intensity Cr(III) = 0 008 M 


Concn. of N* 
in moles 1 
(H + = 0 02N) 

Absorbancy 
440 mu 

Cone, of 
HCICL N 
(Nj = 0-2 M) 

pH 

Absorbancy 

440 mu 

004 

0-27 

0 01 

5 48 

0 64 

0 08 

0 54 

0 02 

5-39 

0 67 

0 12 

0-61 

0-03 

5 22 

0 75 

0 16 

0-65 

0 04 

5 05 

0 81 

0 20 

0 67 

0 06 

4 77 

0 84 

0 24 

0-64 

0-08 

4-46 

0-82 



0 10 

4 24 

0 80 



0 14 

3-94 

0 58 


The results are shown in Table 1. It was found that the optimum pH range for the 
maximum development of colour for analytical determinations lay between 4-2-5 2 
Subsequent measurements were carried out using solutions within this acid con¬ 
centration. Small changes in acid concentration in this range of pH have negligible 
effects on the colour, because the solutions are buffered by the HN 3 -NaN 3 mixture 
formed. Acetate and phosphate buffer solutions could not be used to adjust the pH 
values as the Cr(III) ion forms interfering complexes with them 

When increasing amounts, of different acids were added to chromium azide 
solutions prepared from NaN 3 and chromium perchlorate, nitrate, sulphate, chloride 
and acetate respectively, the colour intensity decreased irrespective of the anion of 
the acid. 
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In order to study the effect of anions, solutions of chromium azide were prepared 
from different salts of 0-02 M Cr(III) and 0 02 M azide with no adjustment of pH. 
It was found that the perchlorate solution was the most intense and the acetate was 
the least. The order of colour intensity was ClOi>N 0 j>Cl'>SO 4 ~>ChjCOO“. 
This is in agreement with the well known fact that the perchlorate ion is the least 
complexing, giving enough free Cr(III) ions to react with the azide, while the 
chromium acetate complex is the most stable. 

Stability of colour 

The absorbancy of a solution which was 0 008 M with respect to Cr(III) and 
contained the optimum concentrations of reagents was measured periodically at 
440 m/i against a reference solution containing the reagents The temperature of the 
solution was kept at room temperature (24-28°C) The rate of the reaction between 
the chromium and azide ions was found to be very slow. The absorbancy value was 
doubled in one hour. Then it increased slowly and the deep green colour of the 
complex seemed to be fully developed after two hours from mixing and did not 
change for at least 6 hr. The absorbancies of some solutions were found to be 
unchanged after 2 days. 

Effect of temperature and light 

Solutions containing excess of azide were found to be stable to temperature 
changes in a range of 15-45°C. There was a negligible difference between the 
intensities of solutions at varying temperatures and those kept at room temperature 
as long as the colour was already fully developed No difference was found between 
two solutions containing the same chromium concentration and reagents, one being 
kept in the dark and the other exposed to daylight over the same period of time 
(2 days) 

Conformity to Beer's law 

A number of solutions containing varying amounts of chromium and the optimum 
amounts of azide and perchloric acid were prepared and their absorbancies measured 
at440m/r after 2 hr from mixing, using a reagent blank. A plot of absorbancy values 
against Cr(IlI) concentration gave a straight hue passing through the origin, showing 
that Beer’s law is obeyed in a range of 4-320 p.p m. Cr(III), with a sensitivity of 
2 ppm. This method has a distinct advantage of providing a wide range of 
applicability. The lower limit could be extended significantly by the use of longer 
cells This is especially promising as the absorption of the reagent itself is negligible. 

Effect oj diverse ions 

In order to study the effect of diverse ions, solutions containing 0-008 M Cr J+ , 
0 2 M N 3 - and 0-06 N H + were prepared and solutions of different ions were then 
added in a titration fashion The absorbancy of the mixture was measured after each 
addition, allowing for colour development of the original solution prior to measure¬ 
ments. The results are corrected for volume changes. A change of ±0-01 of absorb¬ 
ancy unit is considered to be interference. The results are given in Table 2. The 
interference of Cu 2 * and UC> 2 2+ ions can be reduced appreciably by the addition of 
1 ml of 0-05 M solution of EDTA. Interference of Fe 3+ 10 ns could only be decreased 
by the addition of 2 ml of EDTA and measurement at 500 m/i. The phosphate ions form 
a precipitate after the addition of few fractions of a ml of the solution. Thorium 
behaves similarly, but suitable increase of acid concentration will prevent precipitation. 
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Table 2.— Maximum tolerance of interfering ions 
Cr J + = 0 008 M;N 3 - = 02M; H + = 0-06N;X = 440n 


Ion 

Added as 

Maximum tolerance 
(p.p.m.) 

Cu 2 + 

Q 1 CI 2 

0-3 (35) 

U0 2 2 + 

U0 2 (N0 3 )2 

6 (34) 

Fe 3 + 

Fe{N0 3 ) 3 

0-1 (33) 

Th 4 + 

Th(N0 3 )4 

46 

Ni 2+ 

N 1 CI 2 

96 

Mn 2+ 

MnCl 2 

130 

Ce 3 + 

Ce(N0 3 ) 3 

110 

nh 4 + 

NH4N0 3 

24 

Hg 2+ 

HgCL 

240 

VO 3 - 

NaVOj 

12 

M07024 6_ 

(NH4)6M07O24 

32 

wo« 2 - 

Na 2 W04 

300 

Cr 2 0 7 2 - 

K 2 Cr 2 0 7 

170 

PO4 3 - 

Na 3 P04 

300 

F- 

NaF 

160 


Values in parentheses for Cu 2 + and U0 2 24 are taken in presence of 
1 ml of 0 05 M EDTA. The value for Fe 3 + is in presence of 2 ml of 
EDTA at X = 500 u. 


Structure of the chromium azide complex in dilute solutions 

It was shown previously that a monoazidochromium(lll) ion, CrN 3 2 + , can be 
formed in dilute aqueous solutions containing chromium nitrate and sodium azide,<0 
that have two absorption maxima at 440 and 605 mp. The logarithmic method of Bent 
and French <6) was applied here to further confirm these results In one series of 
solutions the total concentration of chromium was kept constant at 0 024 M and 
that of azide was varied from 0-002 to 0-012 M, keeping the ionic strength constant 
at 0-156 by adding the appropriate amounts of sodium perchlorate solution. The 
absorbancy was measured at 440 mp. The logarithm of the absorbancy was a linear 
function of the logarithm of the N 3 ion concentration (Fig. 1) In a second series of 
solutions the concentration of sodium azide was kept constant at 0-012 M and that 
of chromium was varied from 0-004 to 0-020 M, keeping the ionic strength the same 
as before. The logarithmic relation was similarly obtained. The reaction between 
chromium and azide ions can be represented by the equation. 

m Cr 3 + +n Nj = (Cr m (N 3 )J<3—) * (1) 

The logarithm of absorbancy will be proportional to log [Cr m N 3 „] in the logarithmic 
expression: 

Log [Cr m N 3 „] = m log [Cr 3+ ]-f n log [NjJ+log K (2) 

The experimental points were found to fall on the theoretical line with the assumption 
that m — n = 1. 


<6) H. E. Bent and C. L. Frbnch, J. Amer. Chem. Soc. 63, 568 (1941). 
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Fig. 1 —Limiting logarithmic method at wavelength 440 mg. Cr 1 + :0 024M 
and azide cone" varied from 0 002 to 0 012 M. Ionic strength = 0 156. 

The circles are the experimental points. The dotted lines represent the 
theoretical values for n = 0 5, 1 and 2, where n is the number of azide ions 
associated with one Cr 3 + ion in the complex. 

Structure of the complex in concentrated solutions 

The method of continuous variations of Job (5) was applied at different wave¬ 
lengths and at different total concentrations The contours of the curves obtained m 
every case would be indicative of the formation of different coloured species with 
different stabilities and absorption properties. Deformed curves might be obtained 
in the stepwise formation of complex ions formed from a metallic ion and the same 
ligand, if the formation constants and maximum absorptions are not widely separated 
from each other. 

In our work, the observed absorbancy values were plotted against the mole 
fraction of the metallic ion rather than Y values (Y = difference between observed 
values and those calculated for no reaction) as stated by Job, since it was found that 
there is no difference between the contours of the curves in both cases. The blank 
used was a chromium nitrate solution of the same concentration as that present in 
the test solution. Three different runs with total concentrations of 0-04, 0-16 and 
0-32 M were carried out using equimolar solutions. In our previous report,* 1 ) it was 
stated that a 1:1 compound, Cr N 3 2 1 is formed m dilute solution, at a total con¬ 
centration of 0 008 M. In Fig. 2, the irregularity of the curves near the maximum 
can be smoothed to one sharp maximum at a mole fraction of Cr(IIl) of 0-333 
suggesting the formation of a 1 ;2 complex, Cr(N 3 ) 2 +. When the rules of Vosburgh 
and Cooper* 7 ) were applied, the solid curve was obtained, showing one definite 
maximum at 1 :2 molar ratio, assuming that the 1:1 complex was first formed. At a 

!,) W. C. Vosburgh and G. R. Cooper, J. Amer. Chem. Soc. 63,437 (1941). 
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O O-l 02 03 CM 05 0-6 07 08 09 

Mole fraction, Cr ' 5 

Fig. 2.—Continuous variation method; total concentration of Cr(lll) and 
azide ions is 0 04 M Y' = Observed values minus those calculated for 

a 1:1 complex. 

total concentration of 0 16 M, the results show that the prevailing species in solution 
are the 1:3 complex. In solutions having a total concentration of 0-32 M (Fig 3) 
there is sufficient contribution from the 1.1 form to produce a definite asymmetry 



Fto. 3.—Continuous variation method; total concentration of Cr(III) and 
a^ide ions is 0-32 M. Y' = Observed values minus those calculated for 


1:1 Cr: azide. 
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in the curves, as shown by the shoulder at a mole fraction of Cr(III) of 0-45. However, 
there is a clear maximum at longer wavelengths, 480 and 500 m fi, indicating the forma¬ 
tion of a 1:6 compound Cr(N 3 )J- As we approach shorter wavelengths, e.g. 460 m/i, 
the maximum falls at a ratio of 1:4, Cr(N 3 ) 4 - By applying the rules of Vosburgh 
and Cooper and plotting the difference between the observed values and those cal¬ 
culated for 1:1, the interference in the different curves due to the 1:1 form disappears, 
and a curve with one maximum at a ratio of 1:6 is obtained. 

These data show that the increase in concentration of reagents leads to the 
formation of azide-rich complexes. Higher complexes are easier to identify as we 
approach longer wavelengths. These results are confirmed by observing a hypso- 
chromic effect produced upon the gradual increase in azide ion concentration with 
respect to a solution 0-04 M Cr(III). The colour changes gradually from deep green 
to distinct violet, and the maxima change from 440 and 605 mu to 490 and 655 mju 
respectively. 
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THE BASICITY AND DISSOCIATION CONSTANTS OF 
SOME COMPLEX MOLYBDIC ACIDS 

E. R Clark 

College of Advanced Technology, Gosta Green, Birmingham 4 
(.Received 9 January 1962; in revised form 2 April 1962) 

Abstract—The behaviour of molybdoquinic, molybdocitnc, molybdogluconic and 
molybdotartaric acids during titration with sodium hydroxide in media of approximately 
constant ionic strength has been investigated. A dilute solution of molybdoqumic acid 
behaves as a monobasic acid (pK\ = 1 88 m 0 1 N KC1) and is decomposed at pH 5-0. 
pK values for molybdocitnc and molybdogluconic acids (also in 0T N KC1) are pK\ = 2-18, 
pKi — 5 24 and pATi = 2 42, p Ki =6 18 respectively Molybdotartaric acid behaves as 
a tribasic acid m dilute solution from pH 2 0-6 5 (pAi = 2-12, p Kr = 3-82, pKj = 6 22) 
and is decomposed around pH 6 5. The complex acids are stronger acids than the parent 
acids from which they are formed. 

Reaction between certain a-hydroxy acids and molybdic acid has been reported by 
many workers/ 1 ' 101 using many different methods Much of the previous work has 
been carried out using either sodium molybdate, impure molybdic acid or impure 
molybdenum trioxide This has been criticized by Richardson 11 11 who developed a 
method for the production of pure molybdic acid solutions using a cation exchange 
resin arid used this solution to investigate the reaction between molybdic acid and 
aqueous solutions of various a-hydroxy acids. The solubility of pure molybdenum 
trioxide in water and in solutions of polyhydroxyalcohols has also been investigated 
by Richardson 1121 

The presence of well-defined complexes of molybdic acid with citric, tartaric, 
quinic and gluconic acids in aqueous solution is well established although different 
ratios Mo/orgamc acid have been reported for the tartaric acid complex. 

The titration of lactic and tartaric acids by a solution of sodium molybdate has 
been studied by Rao and Pani . 161 The behaviour of the 1:1 tartaric acid complex 
during titration has been examined by Britton and Jackson 181 but solutions were 
prepared from sodium molybdate, tartaric acid and hydrochloric acid, and thus the 
ionic strength was not kept constant More recently, the natures of the 1! 1 molybdate 

111 E Rimbach and P. Ley, Z. Phys. Chem. 100, 393 (1922). 

(2) A B Biswas, J. Indian Chem. Soc. 22, 351-8 (1945) 

(3) M Theodoresco, C.R. Acad. Sci., Paris, 204, 1649-51 (1937) 

M) A. B. Biswas, J. Indian Chem. Soc. 23, 249-57 (1946) 

151 P. Souchay, Bull. Soc. Chim., France, 914-24 (1947). 

D. V. R. Rao and S. Pani, Current Sci., India, 22, 273-4 (1953). 

(7) Y K. Heng, J. Chem. Phys. 33, 356-413 (1936). 

181 H T S. Britton and P. Jackson, J. Chem. Soc. 1055 (1934). 

191 M. J. Bailue and D. H. Brown, J. Chem. Soc. 3691-95 (1961). 

1101 D. H. Brown, J. Chem. Soc. 4732-6 (1961). 

1111 E. Richardson, J. Inorg. Nucl. Chem. 9, 273-8 (1959). 

U2> E. Richardson, J. Inorg. Nucl. Chem. 12, 349-53 (1960). 
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and tungstate complexes of tartaric acid have been investigated by Baillib and 
Brown®) using polarimetric, conductometric and potentiometric methods. These 
workers investigated the tartrato tungstate complex in detail but report that “the 
molybdate complexes appear only to exist over a limited, more acid region.” The 
potentiometric titration of the complex acids of molybdenum in media of ap¬ 
proximate constant ionic strength has not previously been carried out. A study 
would be worthwhile to determine not only the basicity of the complex acids but also 
their dissociation constants and stability at different pH values. 

EXPERIMENTAL 

Materials 

All chemicals used were of Analar quality. The molybdenum trioxide gave no reaction 
for ammonia. The conductivity water used was prepared by passing distilled water through 
a mixed bed deionization column consisting of Amberhte Resin IR 120 and IR 400. <u » 
All samples had a conductivity of 1 0-1 5 x 10 -6 mhos at 25°C. 

Potentiometric titration 

Solutions of the complex acids were prepared by dissolving the required amount of 
M 0 O 3 in 0 01 or 0 005 M solutions of the hydroxy acid, the solutions being made 0 1 N 
with respect to KC1. Complete solution was effected by heating on a hot plate for 4-6 hr. 
with constant stirring by a magnet coated with “Polythene” 

Fifty ml aliquots of the complex molybdic acid solutions contained in a special cell 115 ) 
were titrated with a standard solution of sodium hydroxide using a Cambridge portable 
pH meter and glass and silver/silver chloride electrodes standardised with a mixture of 
0-01 N HC1 and 0 09 N KC1 (Veibels solution) which has a pH of 2-10 at 25°C.* 16 ) AH pH 
readings were carried out at 25 g C and within 48 hr of preparation of the solutions. 

DISCUSSION AND RESULTS 

Richardson has investigated the solubility of MoO, in aqueous solutions of 
some polyhydroxy compounds* 12 * and in certain cases observed enhanced solubility. 
As a preliminary to the work described in this paper it was found that a-hydroxy 
acids bkewise give enhanced solubility of M 0 O 3 , and the reaction may be followed 
conductiometrically. Dissolution is rapid at first, especially if agitation and heat are 
used, but falls off after a time.* Various quantities of M 0 O 3 and 0 04 M solutions 
of the a-hydroxy acids were mixed such that the total concentration of Mo and acid 
was equal to 0 04 M. After 4 hr on a water bath the solutions were cooled and made 
up to the required volume. The conductivities of these mixtures showed maxima at 
certain molar ratios indicating that citric, tartaric, quinic and gluconic acids react 
with molybdic acid in mole ratios MoC^lorgamc acid of 1:1, 1'2, 1'2 and 1 2 
respectively. These results, except that for the citric acid complex, are in agreement 
with those observed by Richardson.* 1 ^) The method of continuous variations has 
been criticised* 17 ) but analysis of the potentiometric titration curves of the complex 
acids as shown below indicates that the assumption that only one species of complex 
acid is present in solution is justified. 

* Over 95 per cent of the M 0 O 3 dissolves in the first hour if water bath temperatures 
are used. 

' 1 3 ) E. Richardson, J Jnorg. Nucl. Chem. 13, 84-90 (1960). 

0«) C. W. Davies anAG. H. Nancollas, Chem. and Indust. 7, 129 (1950). 
os) E. R. Clark, J. Inorg. Nucl. Chem. 24, 82, (1962) 

<»«) R. G. Bates, Electrometric pH determinations, pp. 73-4. J. Wiley, New York (1954). 
0 7 ) F. Woldbye, Acta. Chem. Scand. 9, 299 (1955). 
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It is difficult to produce 0-04 M solutions of the complex acids using M 0 O 3 even 
if heat and agitation are used. A very small quantity of M 0 O 3 remains undissolved 
even after long periods. However, more dilute solutions, i.e. 0 01 M or 0 005 M, can 
be prepared by boiling the required amount of M 0 O 3 with solutions of the hydroxy 
acid which must be stirred rapidly. Periods of up to 6 hr were used and in all cases 
there was no formation of molybdenum blue, t 

The potentiometric titration of 0-01 M gluconic and quinic acids and these two 
acids containing 0-005 M M 0 O 3 at 25'C in 0-1 N KC1 are shown in Fig. 1. Molybdo- 
gluconic and molybdoquinic acids become unstable at pH 6-5 and pH 5 respectively 
(points A and B on Fig. 1) and the titrations were not continued above these particular 



Fig. 1.—Potentiometric titrations at 25°C O 0 01 M quinic acid, • 0 01 M 
quinic acid containing 0-005 M M 0 O 3 , y 0 01 M gluconic acid, ^ 0 01 M 
gluconic acid containing 0 005 M M 0 O 3 . 

values. In fact, steady readings could not be obtained immediately. The pH values 
of the solutions were initially very high and then gradually dropped to a lower value 
over a period of 5 min or so. Presumably some type of rearrangement is occurring, 
possibly with the formation of another complex anion. Analysis of the potentiometric 
titration curves for these two complex acids by the procedure outlined in a previous 

t Similar experiments with M 0 O 3 and mandelic and malic acids resulted in the formation 
of pale blue coloured solutions. 
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Fig. 2 —Potentiometric titrations at 25°C □ 0 01 M tartaric acid, ^ 0-01 M 
tartaric acid containing 0-005 M M 0 O 3 , A 0-005 M citric acid, ^ 0 005 M 
citric acid containing 0-005 M M 0 O 3 . 

paper* l5) indicates that during titration molybdoquinic acid and molybdogluconic 
acid behave as monobasic and dibasic acids respectively. The plot of hx against 
x where h — hydrogen ion concentration and x = a+h—kw/h (a = concentration of 
added alkali), gives straight line plots (Fig. 3) for both of the complex acids indicating 
that the Henderson equation is being obeyed. K for molybdoquinic acid is 1 -33 x 10 ‘ 2 
and K\ for molybdogluconic acid 3 -77 x 10 ~ 3 K 2 for the latter acid is approximately 
6-6 x 10~ 7 . Results in this region of pH are not considered as accurate as those i't 
lower pH values. The dissociation constants of the parent acids can also be calculated 
from the titration curves (Fig 1). Results (Fig. 4) give K for quimc acid as 3-30 x 10 ~ 4 
(p^T = 3-48) and gluconic acid as 2-70 X I0 -4 (pAf = 3-57). 

The potentiometric titration of 0-005 M citric acid and 0-005 M citric acid 
containing 0-005 M M 0 O 3 is shown in Fig. 2. Analysis of the titration curves shows 
that molybdocitnc acid behaves as a dibasic acid up to pH 5-8 with K\ = 6-72 x 10~ 
(Fig. 3), and K 2 — 5-73 x 10~ 6 .* Deviation from the straight line relationship occurs 
at pH 5-8 and it is probable that at this pH value hydrogen 10 ns from a third stage 
are being replaced before those from the second stage have been completely replaced 
by*odium 10 ns. It seems likely that a third stage exists but the dissociation constants 
are'ioo close together and although a value of K 3 could be obtained from the titration 
curve it is not considered to be very accurate and is not reported here. There is no 
indication of any rearrangement taking place dunng titration. 

* Graph not reproduced. 
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F ,g 3.—Plot of hx against x. | molybdotartanc acid (1st stage), % molybdo- 
quinic acid (1st stage), A molybdocitric acid (1st stage),^ molybdogluconic 

acid (1st stage). 
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Fia. 4 —Plot of hx against x. 0 qumic acid, v gluconic acid, molybdo- 
tartaric acid ( 2 nd stage). 

Analysis of the results of potentiometric titration of 0 01 M tartaric acid and 
0 01 M tartaric acid containing 0-005 M M 0 O 3 (Fig. 2) shows that the complex acid 
behaves as a tnbasic acid up to pH 7-0. K\ = 7 56x 10 ~ 3 (Fig 3), K 2 = 1 -50x 10 4 
(Fig. 4) and K$ — 6-00x 10~ 7 .* pH readings became difficult to observe near pH 6 5 
and it is likely that the complex acid is decomposed in this region possibly with the 
formation of another complex anion of different Mo/acid ratio. 

For all the molybdo-acids it is likely that reaction takes place through carboxylic 
and/or hydroxyl groups. There is no simple relationship between the total number of 
carboxylic and hydroxyl groups available and the basicity of the complex acid. 
However, the basicity of molybdoquimc and molybdogluconic acids is smaller than, 
the other two investigated and yet the parent acids contain a large number of hydroxyl 
groups Evidently, a-hydroxy groups are the most important as far as complexing is 
concerned. 

♦Graph not reproduced. 
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COMPARATIVE EXTRACTION OF U(VI) BY NEUTRAL 
AND MONO-ACIDIC PHOSPHATES AND PHOSPHONATES* 

D. F. Peppard, G. W. Mason, I. Hucher and F. A. J. A. BrandaoI 
Argonne National Laboratory, Argonne, Illinois 

(Received 13 March 1962; in revised form 11 April 1962) 

Abstract—The extraction of U(VI) by a neutral phosphate extractant, tri 2-ethyl hexyl 
phosphate, and by the analogous neutral phosphonate extractant, di 2-ethyl hexyl 2-ethyl 
hexyl phosphonate, in toluene diluent from an aqueous nitrate phase, as expressed by the 
distribution ratio, K, for a-active 23, U, has been shown to be second-power dependent upon 
the concentration of extractant in the organic phase and second-power dependent upon the 
concentration of nitrate ion in the aqueous phase An inhibiting effect is noted at nitrate 
concentrations in excess of 0 5 F, the K falling below the theoretical curve. Under identical 
conditions, the phosphonate is approximately thirty-three times more effective in extracting 
U(VI) than is the phosphate. 

The extraction of U(VI) by a mono-acidic phosphate, di 2-ethyl hexyl phosphoric acid, 
and by the analogous mono-acidic phosphonate, 2-ethyl hexyl hydrogen 2-ethyl hexyl 
phosphonate, in toluene diluent from an aqueous 1 OOF (HX + NaX) phase, X = CIO,* - , 
Cl ', NOj~, has been shown to be second-power dependent upon the concentration of 
extractant in the organic phase and inversely second-power dependent upon the concentration 
of hydrogen ion in the aqueous phase (The extraction of U(V1) by a (GO)GPO(OH) 
extractant is reported for the first time) Essentially no difference between the C10 4 ~ and 
NOi data were noted. The difference between the CIOc and Cl - data is consistent with 
ihc assumption of a stability constant of 0 8±0 2 for the UO 2 CU complex, u = 1 00, 
22+ 1C In all of these systems, the acidic phosphonate excels the acidic phosphate by a 
factor of 1 -9 ±0 2. 

The relative phosphonate/phosphate data of U(VJ) are compared with those for Th(IV), 
lanthamdes(III) and actimdes(lll) 

The possible difficulties encountered in the use of neutral phosphonates and phosphates 
as extractants in determining stability constant of M /,A nitrate complexes are discussed. 

The comparative extraction of U(V[), presumably as UC^NOy^, where S 
represents the extractant molecule, from an aqueous nitrate phase by neutral phosphate 
and phosphonate esters has been studied by a number of investigators 11 - 2 - 3 “> 4) who 
agree that a given phosphonate is superior to the analogous phosphate. The extraction 
of selected M(II1) cations by mono-acidic phosphonates has been reported recently ; 151 
and it was noted, in comparison with mono-acidic phosphate data, that the acidic 
phosphonate is inferior to the analogous acidic phosphate. 

* Based on work performed under the auspices of the U.S Atomic Energy Commission. 

t Participant, sponsored by the National Nuclear Energy Commission, Rio de Janiero, 
Brazil, in the Ninth Session of the International School of Nuclear Science and Technology. 
111 L L Burger, J. Phys Chem. 62, 590 (1958). 

(2) C. A Blake, Jr., C. F Baes, Jr., K. B. Brown, C. F. Coleman and J. C. White, 
Proceedings of the Second International Conference on the Peaceful Uses of Atomic Energy, 
Geneva (1958), 28, 289. Paper P/1550 United Nations (1958) 

(,) (a) C. A. Blake, Jr., C. F. Baes, Jr. and K. B. Brown, lndustr. Engng. Chem, 50, 1763 
(1958). 

(b) C F. Baes, Jr., R. A. Zingaro andC. F. Coleman, J.Phys. Chem. 62,129 (1958). 

(4> T H. Siddall, III, lndustr. Engng. Chem. 51, 41 (1959). 

151 D. F. Peppard, G. W. Mason and I FIucher, J. Inorg. Nucl. Chem. 18, 245 (1961). 
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Accordingly, a study of the extraction of U(VI) by (GO^PO and (GO) 2 GPO, 
analogous neutral phosphate and phosphonate extractants respectively, and by 
(GO) 2 PO(OH) and (GO)GPO(OH), analogous mono-acidic phosphate and phos¬ 
phonate extractants respectively, all in toluene diluent, G = 2-ethyl hexyl, from 
aqueous nitrate phases was undertaken in order to establish the relative extractive 
power and the effect of varying nitrate concentration. The acidic extractant studies 
were extended to include aqueous chloride and perchlorate phases. 

EXPERIMENTAL 

Nomenclature 

In accordance with previous usage* 5 - 6) in which H represents a theoretically lonizable 
hydrogen and G a generalized organic group bound at a C atom, the symbolic formulae 
(GO> 3 PO and (GO)jGPO respectively represent homogeneous neutral phosphates and 
phosphonates, and the symbolic formulae (GO) 2 PO(OH) and (GO)GPO(OH) respectively 
represent homogeneous monoacidic phosphates and phosphonates These four classes of 
compounds are further represented, respectively, as TGP, DG[GP], HDGP and HG[GP], 
the bracket indicating the grouping joined by a C-P bond. In the present study, G is 
specifically 2-ethyl hexyl represented as EH. Therefore, the extractants are symbolized and 
named as: (EHO)jPO, TEHP, tn(2-ethyl hexyl) phosphoric acid; (EHO) 2 (EH)PO, 
DEH[EHP], di(2-ethyl hexyl) 2-ethyl hexyl phosphonate, (EHO) 2 PO(OH), HDEHP, 
di(2-ethyl hexyl) phosphoric acid; and (EHO)(EH)PO(OH), HEH[EHP], 2-ethyl hexyl 
hydrogen 2 -ethyl hexyl phosphonate 

Since the two mono acidic extractants are dimeric"' 10 * m benzene and cyclohexane, 
they are assumed to be dimeric in toluene Therefore, in the interest of brevity in the 
discussion of extracUon mechanisms, both extractants are represented as HY in the theoretical 
monomeric state, Y representing the aggregate excepting the theoretically lonizable hydrogen 
atom, and as (HY )2 in the dimeric state. Similarly, in stoicheiometric expressions, the 
neutral extractants, TEHP and DEH[EHP] are symbolized as N 

The distribution ratio, K, of U(VI) is defined as the concentration of 233 U in the upper 
divided by the concentration of 233 U in the lower of two mutually equilibrated sensibly- 
tmmiscible liquid phases, the upper phase in this study being a toluene solution of the 
extractant under study. The quantity K s is defined by the expressions in which it occurs 
as is Kn 

Sources of materials 

The neutral extractants, tri(2-ethyl hexyl) phosphoric acid, TEHP, and di(2-ethyl hexyl) 
2-cthyl hexyl phosphonate, DEHfEHP], were obtained from Union Carbide Chemicals Co 
and Virgmia-Carohna Chemical Corporation, respectively. 

Di-(2-ethyl hexyl) phosphoric acid, HDEHP, was obtained from Virgmia-Carolina 
Chemical Corporation; and 2-ethyl hexyl hydrogen 2-ethyl hexyl phosphonate, HEHfEHPj, 
was prepared by hydrolysis of DEHfEHP] as described previously.' 5 * 

The HC10<i, HNO 3 and HC1 and their corresponding salts were purified as described 
previously." Ia) 

u-aettve l- 6 x 10 5 year 23 -'U (* 3 »U: 233 U mass ratio less than 0 03) was obtained from 
Argonne National Laboratory stocks and re-purified by extraction and scrubbing using ihc 
tri n-butyl phosphate vs. HC1 system <ub) 

D. F. Peppard, G W. Mason, W. J Driscoll and R. J Sironen, J. lnorg. Nucl. Chem 
7,276(1958). 

I7 > D. F. Peppard, J. R. Ferraro and G. W. Mason, J. Inorg Nucl. Chem. 4, 371 (1957) 

(8 > D. F Peppard, J. R. Ferraro and G. W. Mason, J. lnorg. Nucl. Chem. 7, 231 (1958) 

t9 > D. F. Peppard, J*R. FERRARO.and G W Mason, J. Inorg. Nucl. Chem. 12, 60 (1959) 

"°> J. R. Ferraro, G. W Mason and D F. Peppard, J. Inorg. Nucl. Chem. 22, 285 (1961) 

in) (a) D. F. Peppard, G. W. Mason and S McCarty, J. Inorg. Nucl. Chem. 13, 138 (I960) 
(b) D. F. Peppard, G. W. Mason and M. V. Gergel, J. Inorg. Nucl Chem. 3, 370 (1957) 
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Purification of extractants 

A modification of the technique reported*' 2 ' for the purification of tri n-octyl phosphine 
oxide, (n-CiH^sPO, TOPO, was employed m the purification of the neutral extractants, 
TEHP and DEHfEHP]. The extractant, as received, was dissolved in benzene to form a 
solution approximately 0-4 F. This solution was stirred with an equal volume of 6 M HC1, 
with which it is sensibly immiscible, at approximately 60°C for 8 hr. This benzene solution 
was then successively contacted (using equal-volume portions) with: two water scrubs, 
three aqueous 5% NajCOj scrubs and eight water scrubs. The benzene (and dissolved water) 
were then removed from the separated organic phase under reduced pressure at room 
temperature using the rotating evacuated flask technique previously described in the purifica¬ 
tion of acidic organo-phosphorus compounds (8) The extractants were stored, excluding 
moisture and light, until needed, at which time the appropriate solutions were prepared 
using toluene as carrier diluent. 

The purification of HDEHP (6 > and of HEH[EHP]* 6) has been described previously. 
Determination of distribution ratios 

The distribution ratio, K, of U(VI) was determined, in a general way, as described in 
previous studies,* 6 - n> the phases, in a 5 ml stoppered glass cylinder, being mixed by manual 
shaking. (The values are considered to be correct within ± 5 per cent.) In each instance, the 
organic and aqueous phases were mutually pre-equilibrated before use. (This was presumably 
an unnecessary precaution, in the case of the acidic extractants, since the transfer of mineral 
acid and/or water to the organic phase and the transfer of organic extractant and/or diluent 
to the aqueous phase were negligible.) All data were obtained using reverse extractions 
followed by confirmatory direct extractions, i.e , the U(VT) was extracted into the organic 
phase, the pregnant organic phase contacted with a barren aqueous phase to yield “reverse 
extraction” data and the resultant pregnant aqueous phase contacted with barren organic 



Fig. 1.—Hydrogen ion dependency of the extraction of U(VI) into 1 -88 x 10"* F 
HDEHP, toluene diluent, from a 1 OOF (NaX+HX) solution; X" = ClOi, 

C1-, NO£. 

<12) G. W. Mason, S. McCarty and D. F. Peppard, J. Inorg. Nucl. Chem. 24, 967 (1962) 
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phase to yield “direct extraction” data. In each instance, a contact time of three minutes 
was employed. Suitable aliquots, usually 0-050 ml, were then evaporated on platinum disks, 
using induction heating, for radiometric assay by a-counting. 

In each experiment involving an aqueous phase with salt content, a 1 -0 ml portion of the 
separated aqueous phase, following partition of the metal tracer, was contacted with a 1 -0 ml 
portion of a toluene solution of HEH[EHP] sufficiently concentrated to assure a AT in excess 
of 500. An aliquot of the resultant organic phase was then evaporated on a platinum disk 
The analysis of this aliquot is equivalent to the analysis of an identical aliquot of the 
equilibrated aqueous phase. 

In all such studies the supporting cation was Na + . 

All data were obtained at 22+1 °C. 

The extraction of the mineral acids HC10 4 , HC1 and HNO s by a toluene solution of 
the acidic extractants employed is negligible under the conditions of this study. 

RESULTS AND CONCLUSIONS 

Acidic extractants 

In Figs. 1 and 2, the K for U(VI) is seen to vary inversely with the second-power 
of the concentration of hydrogen ion in the equilibrated aqueous phase at a constant 
ionic strength of 1-00, the anion being CI0 4 _ , Cl - or NOj - . For both the HDEHP 
(Fig. 1) and HEH[EHP] (Fig. 2) systems, the N0 3 _ curve is essentially coincident 
with the C10 4 - curve, and the Cl - curve is below the latter by a factor of approximately 
1*9. From these data, it is concluded that no anion of the mineral acid is contained 
in the extracted species. 



Log E H* 

V 

Fio. 2.—Hydrogen ion dependency of the extraction of U(V1) into 2 -65 x 10~ z F 
HEH[EHP], toluene diluent, from a 1 -00 F (NaX+ HX) solution; X - = CIO}, 

C1-, NO}. 
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In Figs. 3 and 4, the K for U(VI) is seen to vary directly with the second-power 
of the concentration of extractant in the equilibrated organic phase, the opposing 
phase being a 1 -00 F solution of HCIO*, HQ or HNOj. 

The stoicheiometry of the extraction is therefore considered to be: 

U0 2 x 2+4-2(HY) 2 a ^=±U0 2 (HY 2 ) 2 o + 2H a + ( 1 ) 

where (HY ) 2 represents the dimeric form of HDEHP or HEH[EHP], and the sub¬ 
scripts A and 0 refer to mutually equilibrated aqueous and organic phases, respec¬ 
tively. This stoicheiometry has been reported previously for HDEHP in a different 
diluent. (3) The HEHfEHP] extraction of U(VI) is reported for the first time. The 
corresponding expression for K is : 

A = &i[(HY) 2 ]o/[H + ] A (2) 

where k { is the mass law equilibrium constant for Expression (1). By substitution of 
K S F 0 2 for Ar 1 [(HY) 2 ]o where F is the number of formula weights of the extractant 
per litre of equilibrated organic phase, and rearranging, Expression (2) is transformed 
into - 

*s = (3) 

K s being interpreted as the hypothetical value of AT for a system employing 1-0 F H + 
in the aqueous phase and 1 -0 F extractant in the organic phase/ 5 * w It should be 
noted that K s is dependent upon the ionic strength of the aqueous phase, upon the 
anions present and upon the diluent employed 



-3 -2 -I 0 

Log E HDEHP 

Fig. 3.—Extractant dependency of the extraction of U(VI) into HDEHP, toluene 
diluent, from a TOO F HX solution; X - = CIO*, CT, NO 3 . 
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The K s values as determined from the straight lines of the respective acid and 
extractant dependency curves differ only slightly, Figs. 1 and 3 for HDEHP and 
Figs. 2 and 4 for HEH[EHP], the averages being given in Table 1. 


Table 1.—Comparison of K s values for U(VI) in HY (toluene diluent) 
_vs. aqueous 1 -00 F (HX+ NaX) systems at 22 ± 1 °C_ 


X- 

Ks for HY: 

Ks HEHtEHP 1 

Ks HDEHP 

HDEHP 

HEHtEHP] 

CIO; 

9-5x102 

1 -7 x 103 

1-8 

Cl- 

5-2x102 

9-3 x 102 

1-8 

no 3 - 

9-0x102 

l- 8 x 103 

20 


(Ks HEH[EHP]/^S HDEHp) = 1 9 ± 0 2, KcioJKci- = l - 8±0’2 


It is seen, from Table 1, that HEH[EHP] is a somewhat more effective extractant 
than HDEHP, the ratio of their respective K s values being l -9±0-2 In both the 
HEH[EHP] and HDEHP systems, the ratio of the respective perchlorate and chloride 
AT values is l-8±0-2. 



Log £ HEH [EHP] 

Fio. 4.—Extractant dependency of the extraction of U(VI) into HEHfEHP], 
toluene^diluent, from a 1 -00 F HX solution; X - = CIO 4 , Cl - , NO 3 . 

In both Fig. 1 and Fig. 2, the 1 -00 F H+ point lies somewhat above the curve as 
dimia^the 1-00 F HNO 3 point in Fig. 2 being especially noticeable. Presumably, 
tm,#;4n activity coefficient effect, However, the magnitude of this effect for the 
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1-00 F HNO 3 point of Fig. 2 as compared with that for the other 1 -00 F HX points 
is somewhat surprizing. 

Neutral extractants 

In Fig, 5, the K for U(VI) from an aqueous 1 -00 F HNO 3 solution into a toluene 
solution of TEHP or DEH[EHP] is shown to be second-power dependent upon the 
concentration of extractant. 



Log £ extractant 


Fig. 5 —Extractant dependency of the extraction of U(VI) from a 1 -00 F HNO 3 
solution into TEHP, A, and into DEH(EHP), O; toluene diluent. 

In Fig. 6 , the nitrate dependency of the K for U(VI) from an aqueous 1 -00 F 
(HNO 3 +HCIO 4 ) solution into 0-15 F TEHP or 0-05 F DEHpEHP] in toluene is 
seen to be directly second-power. 

In experiments otherwise identical with those represented by the points of Fig. 6 , 
but involving no 233 U, the concentration of mineral acid in each equilibrated organic 
phase was determined. Assuming that each formula weight of the mineral acid present 
m an organic phase effectually inactivated one formula weight of extractant, the raw 
data of Fig. 6 were corrected by multiplying the observed K by the factor (0-15 [F 
“free” extractant ) 2 to yield the points represented by the symbol X. This correction 
is negligible m the range of low nitrate concentrations. 

The assumption of the presence of TEHP-HX and DEH[EHP]-HX adducts is 
based upon the organophosphate plus HNO 3 and HCIO 4 studies of Alcock et a/.* 13 * 

(n> K Alcock, S. S. Grimlev, T. V. Healy, J. Kennedy and H. A. C. McKay, Trans. 

Faraday Soc. 52, Part I, 39 (1956). 




1394 D. F. Peppard, O. W. Mason, I. Hucher and F. A. J. A. Brandao 

and Hesford and McKay< 14 > and upon the organophosphonate plus HNO3 studies 
of Siddall.< 4 > 

Since the K for HNO 3 extraction from a given aqueous phase is thus first-power 
dependent upon the concentration of extractant, the fraction of the total concentration 
of extractant present in free form is a constant. Therefore, no correction of extractant 
inactivation has been made in Fig. 5, since the purpose of this plot is to demonstrate 
the second-power dependence of the K for U(VI). 

The two points represented by the symbol + on the left portion of the TEHP 
curve of Fig. 6 are corrected for the extraction of U(YI) as the perchlorate. (The K 
from a 1 -00 F HCIO 4 solution is corrected on the assumption of a second-power 
dependence upon perchlorate ion concentration.) The corresponding corrections for 
the DEH[EHP] data are neglibible. (The presence of UO^NC^XCIC^XN)* is not 
excluded, but this species is certainly not of major importance.) 



Flo. 6.—Nitrate dependency of the extraction of U(VI) from a 1 -00 F (HCIO 4 + 
HNO 3 ) solution into 0 15 F TEHP, A, and into 0-15 F DEH[EHP], O; toluene 

diluent. 

The flattening of both curves of Fig. 6, even after correction, in the O'5-10 F 
NO 3 - region remains unexplained. 

The stoicheiometry of the extraction may be represented as: 

v U 0 2 r+ 2 NOji+ 2 N 0 ^=^U 0 2 (N 03 ) 2 N 2o (4) 

where N represents the neutral extractant and the subscripts A and O refer, respectively. 

E. Hesford and H. A. C. McKay, /. Inorg. Nucl. Chem . 13,156 (1960). 
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to mutually equilibrated aqueous and organic phases. The corresponding representa¬ 
tion of* is: 

K = k 4 [ N0 3 -] a 2 [N]o 2 (5) 

(This expression implies that aqueous phase complexing of U(VI) by nitrate ion under 
the conditions employed is negligible. The data of Table 1 and the reported* 151 
stability constant for U02(N0 3 ) + , probably less than 0-25, support this assumption.) 

Following substitution of K N F 0 ’ 1 for ^[NJq 2 and rearrangement, Expression (5) 
becomes: 

a: n = *[N0 3 i-iF o -2 (6) 

An being interpreted as the hypothetical value of K for a system employing 1 -0 F N0 3 ~ 
in the aqueous phase and 1 -0 F extractant m the organic phase. (Like K s , employed 
in the treatment of the acidic extractant data, A N is dependent upon the ionic strength 
of the aqueous phase, upon the anion present and upon the diluent employed.) 

Comparative A N data are presented in Table 2. The columns headed Fig. 5 and 
Fig. 6, respectively, pertain to calculations based upon the straight lines, as drawn, 
in Figs. 5 and 6. The column headed 1 -0 F HNOj (Fig. 6) pertains to calculations 
based upon the 1 -0 F HN0 3 raw data of Fig. 6. 

It is concluded that the values in the column headed Fig. 6 are the most significant 
of the three sets. Therefore, the ratio of the respective A N values for DEH[EHP] 
and TEHP was computed from these data as 33±3. 

DISCUSSION 

The extraction of U(VI) from an aqueous nitrate phase into an organic phase 
consisting of a carrier diluent and a neutral organophosphate, (GO) 3 PO, has been 
reported by many investigators using a variety of diluents, and a considerable range 
of variation in G.* 1 - 2. 4. 16 - 21 ) Analogous studies involving a neutral organophos- 
phonate, (GO)jGPO or (GO^G'PO, are less numerous.* 1 - 2 , 4 . 18 , 21 , 22 ) 

In general, the stoicheiometry of the extraction is presented as that of Expression 
(4). From the above studies, it may be concluded that the extractant dependency is, 
indeed, second-power. However, the second-power nitrate dependency has not been 
demonstrated for either a phosphate system or a phosphonate system under conditions 
of constant ionic strength of the aqueous phase. (Bernstrom and Rydberg* 171 and 
Maito* 2 <» have reported nitrate dependency studies under varying ionic strength 
conditions.) 

Whereas it is difficult to visualize an extraction of U(VI) under these conditions 
as being anything other than second-power dependent upon nitrate ion concentration, 
still it is instructive to study the plots of Fig. 6. The fact that even the “corrected” 

< l! > (a) R. H. Betts and R. K. Michels, /. Chem. Soc. Supplementary Issue 2, 286 (1949); 

(b) S. Ahrland, Acta Chem. Scand. 5, 1271 (1951). 

(c) R. A. Day, Jr. and R. M. Powers, J. Amer. Chem. Soc. 76, 3895 (1954). 

(16) H. A. C. McKay, Proceedings of the International Conference on the Peaceful Uses of 
Atomic Energy, Geneva, 1955, Vol. 7, 314. United NaUons (1956). 

(17) B. Bernstrom and J. Rydberg, Acta Chem. Scand. 11, 1173 (1957). 

,18) T. V. Healy and J. Kennedy, J. Inorg. Nucl. Chem. 10, 128 (1959). 

(i9> t v. Healy, J. Kennedy and G. M. Waind, J. Inorg. Nucl. Chem. 10, 137 (1959). 

(i01 K. Naito, Bull. Chem. Soc., Japan, 33, 363 (1960). 

<J1) S. Nomura and R. Hara, Anal. Chim. Acta, 25, 212 (1961). 

<221 A. S. Solovkin, M. I. Konarev and D. P. Adaev, Russ. J. Inorg. Chem. 5,903 (1959). 
(Chem. Soc. translation.) 
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points in the region of high nitrate ion concentration fall decidedly below the straight 
line of slope 2*0 indicates that an inhibitory influence is operative. Since the com- 
plexing action of nitrate ion upon U(VI) is far too small to account for this deviation 
below the line (cf. the CIO 4 - and N0 3 ~ data of Figs. 1-4 and of Table 1 ) this 
inhibitory influence must be considered of unknown origin. 


Table 2.—Comparison or Ky values for U(VI) in N(toluene diluent) 
_vs. 1 -00 F (HNO 3 + NaNOj) systems at 22 ± 1 °C_ 



AT n from: 
Straight line of: 

l-OFHNOj 

N 

Fig. 5 

Fig. 6 

(Fig. 6 ) 

DEHfEHP] 

5-8 x 10 2 

1 6 x 10 3 

6-2 x 10 2 

TEHP 

2-2x10 

4-9x10 

2-1x10 


C^N. DEHtEHPj/^N, TEHp) Fig. 6 = 33 ± 3 


It seems possible that such an inhibitory effect is operative in any general extrac¬ 
tion of a metallic nitrate by neutral organophosphates and organophosphonates 
represented as: 

M A bt +hN0 3 i+cN 0 ^=iM(N0 3 ) 6 (N ) c0 (7) 

If so, then the assumption that the K for the extraction of M b+ is hth-power dependent 
upon the concentration of nitrate is not valid in all regions. 

Since this assumption is implicit in the determination of stability constants of 
Th(N0 3 ) x +(4_x) , Ce(N0 3 ) x +(3_x) , etc. by extraction of the M(IV), M(III), etc. from an 
aqueous nitrate phase into an organic phase containing a (GO) 3 PO or (GO) 2 G'PO 
extractant, it is suggested that the inhibitory phenomenon merits further study. The 
use of such a liquid-liquid extraction system m determining stability constants of 
metallic complexes has been discussed by Zozulya and Peshkova * 2 * 1 in a review. 
Investigation of Complex Formation in Solution by the Distribution Method. 

The method has been used in studying the nitrate complexes of Ce(III), <24i 
Pu(III), <25) Pu(IV),< 2< >> Th(IV)<27> a nd Zr(IV)< 281 . In several of these studies, the 
reported stability constants are markedly higher than those reported by investigators 
using other methods. If an inhibitory effect, increasing with increasing concentration 
of nitrate ion, were operative, the measured values of the stability constants would 
be too high. 

In the straight line region of Fig. 6 , presumably this inhibitory effect is negligible 
Consequently, the ratio of the Ky value for DEHfEHP] to that for TEHP, Table 2, 
has been calculated for this region. The value of the ratio, 33±3, employing toluene 
as a diluent, may be compared with the value of approximately eighteen derived from 
Figs. 1 and 2 of the study of the same extractants by Siddall ,* 1 * 1 employing a 1 09 F 
extractant in n-dodecane vs. 1-0F HN0 3 . Burger* 11 also found a given neutral 

(in A. P. Zozulya and V. M. Peshkova, Russ. Chem. Rev. 2, 101 (1960), i.e. Uspekhi 
Khimii, 2, 234 (1960). 

U4i v. V. Fomin, R. E. Kartushova and T. I. Rudenko, Zh. Neorg. Khim. 3, 2117 (1958). 
os> v. B. Shevchenko, V. G. Timoshev and A. A, Volkova, J. Nucl. Energy , Part B: 
Reactor Technology 1, 211 (1960). 

(1 *> J. A. Brothers, R. G. Hart and W. G. Mathers, /. lnorg. Nucl. Chem. 7, 85 (1958) 
(2T) v. V. Fomin and E. P. Maiorova, Zh. Neorg. Khim. 1, 1703 (1956). 

12,1 A. S. Solovkin, Zh. Neorg. Khim. X, 611 (1957). 
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phosphonate to be more effective in the extraction of U(VI) by a factor of ap¬ 
proximately fifteen to twenty than the corresponding neutral phosphate in systems 
involving carbon tetrachloride as the diluent and a dilute aqueous uranyl nitrate 
solution as the opposing phase. 

The K s values of Table 1 show that of the two acidic extractants, HEH[EHP] is 
more effective than HDEHP in the extraction of U(VI), the ratio of their respective 
X s values being 1*9 ±0-2 in systems involving toluene as diluent and a 1-0F 
^HX+NaX) aqueous solution as opposing phase. 

Conversely, HEH[EHP] is the less effective of the two acidic extractants in the 
extraction of lanthanides(III) and actmides(III) in similar systems. For example, the 
A' s values for Pm(III) and Cm(IIl) for HDEHP are 60-100 times larger than the 
corresponding values for HEH[EHP] in systems employing toluene as diluent and a 
10 F (HC10 4 +NaC10 4 ) aqueous solution as opposing phase.<5* This relative effect 
is general for lanthamdes(III) and for all actimdes(III) which have been investigated, 
the K s for the HDEHP systems exceeding that for the corresponding HEHfEHP] by 
a factor of 50 200 for each of the elements for chloride, perchlorate or nitrate 
systems.* 5,291 Similarly, HDEHP is approximately 100 times more effective than 
HEH[EHP] in the extraction of Th(IV) from a 0-1 F HC10 4 -( 0-9 F NaC10 4 aqueous 
phase m a system employing toluene as diluent.* 1 ] > 301 

In recapitulation, the K s hehiehp]/^s hdehp ra tio in a 1 0 n perchlorate, toluene 
diluent, system has the values: TJ(VI), l-9,Th(IV), ~0 01, Actimdes([Il), ~001-002; 
Lanthamdes(IlI), ~ 0-01-0-02. It will be noted that the ratio of K s values is somewhat 
greater than unity for U(VI) and considerably less than unity for Th(IV), whereas the 
ratio of K n values for the corresponding neutral extractant is. U(VI), 33±3 (this study) 
and approximately 18 (a similar study by Siddall ( 4) with a different diluent); and 
Th(IV), 26 (above quoted study by Siddall) * 4 > 

A consideration of the ratio of ratios, l e. the ratio of (X N dehiehpj/^n.tehp) to 
(A' s , hehiehpj/^s, hdehp) f° r each element is instructive. This ratio, based upon the 
foregoing values, is approximately: U(VI), 9-17, and Th(lV), 2-6x 10 3 . These two 
ratios differ quite markedly, and the possibility is suggested that steric hindrance due 
to the branching at the 2 -position in 2 -ethyl hexyl becomes relatively more important 
for Th(IV) than for U(VI) in the acidic phosphonate. 

In this connection, it may be noted that Siddall ,* 311 studying the extraction 
from 3 0 F HNO 3 into a n-dodecane solution of a neutral phosphate, found the 
extraction of U(V1) enhanced by a factor of I -7 and that of Th(IV) depressed by a 
factor of 6-4 when tn n-butyl phosphate, TBP, was replaced by the 2-butyl analogue. 
Presumably, the steric hindrance produced by the secondary alkoxy group seriously 
interferes with phosphoryl bonding to Th. 

The remainmg tabular data to be rationalized are the K s values of Table 1 for 
perchlorate and chloride systems. The ratio of respective K s values, l-8 = 0-2, if its 
departure from unity is attributed solely to chloride complexing of U(VI) to form 
U0 2 C1+, may be used to deduce a value of 0-8±0-2 for the stability constant of 
U0 2 C1 + (p = I 00, 22±1°C). The literature values are 0-8* 15b > (pi = TOO, 20°C) 
and O-SS* 1 *) (p. = 2-00, 25 °C). 

(29) D. F. Peppard, G. W. Mason, J. L. Maier and W. J. Driscoll, J . Inorg. Nucl. Chem . 4 , 
334 (1957). 

uo) D.F.Peppard, M.N.Namboordiri and G. W. Mason, J . Inorg . Nucl . Chem . 24,979(1962). 
(31) T. H. Siddall, III, J . Inorg. Nucl. Chem. 13, 151 (1960). 
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Uber IONENAUSTAUSCHERHARZE MIT 
KOMPLEXBILDENDEN ANKERGRUPPEN-IV' 1 ) 
die bindungsverhAltnisse derJseltenerd-ionen am 

IDE-AUSTAUSCHERHARZ 
R. Hering 

Institut fur Anorgonische Chemie der Karl-Marx-Universitat, Leipzig 
(Received 20 February 1962) 

Abstract—The result of this work, connected with the present knowledge of the structures 
of the rare earth complexon chelates leads to the conclusion that contrary to the best results 
in the separation of bivalent metal ions already known, the separation of neighbouring rare 
earth ions on IDE chelating resm by diluted mineral acid appears to be impossible. 

Zasammenfiusung—Das Ergebnis dieser Arbeit, verbunden nut der gegenwartigen Kenntnis 
Uber die Struktur der Komplexonato-Komplexe der Seltenerd-lonen ftlhrt zu dem Schluss, 
dass un Gegensatz zu den bereits bekannten, besten Trennerfolgcn an rweiwertigen 
Metalhonen, die Trennung benachbarter Seltenerd-lonen am IDE-Austauscherharz mit 
verdiinnten Mineralsfiuren aussichtslos erscheint. 

Zweiwertige komplexbildende MetaUionen sind in einfacher Weise am IDE- 
Austauscherharz< 2 > (IDE = Iminodiessigsaure) durch Elution mit verdilnnter 
Mmeralsaure <3) wirksam zu trennen. Oberraschenderweise ist bei dreiwertigen 
MetaUionen (Pr 3+ /Nd 3+ ) mit den gleichen Elutionsmitteln eine Auftrennung oder 
Anreicherung nicht zu erzielen.< 4 > Dieses gegensatzliche Verhalten zwei- und 
dreiwertiger komplexbildender Metalhonen gab den Anlass, die Bindungsverhaltnisse 
der Seltenerd-lonen am IDE-Austauscherharz zum Vergleich mit denjenigen 
zweiwertiger MetaUionen genauer zu untersuchen. 

Ein Teil dieser Untersuchungen fiihrte u.a. zur Entwicklung ernes NTE- 
Austauscherharzes mit koordtnationsfahigem Stickstoff. (1 - 2 > Die drei am Stickstoff 
haftenden Essigsaure-Gruppen der NTE verleihen dem Harz ahnhche Eigenschaften 
gegenuber dreiwertigen MetaUionen, wie sie das IDE-Austauscherharz fur zweiwertige 
Metalhonen besitzt. 

Die hohe Reinheit, Stabihtat und Kapazit&t des durch Umsatz von chlormethyliertem 
Polystyrol mit Iminodiessigsaurediathylester dargestellten IDE-Austauscherharzes gestattet 
dessen stOchiometrische Anwendung. Mehrere Proben von je 1 mMol IDE-Austauscherharz 
(330 mg in H-Form) wurden im Siulenverfahren bei verschiedenen pH-Werten (Acetatpuffer 
in 0-5 M KNOj) mit La 3+ bzw. Yb 3+ gesattigt. Nach dem Waschen mit Wasser wurden 
die Seltenerd-lonen mit je 10 ml N HC1 entfernt, nachgewaschen, der SSureverbrauch 
potentiometrisch durch Rhcktitration mit KOH ermittelt und das Seltenerd-Ion 
komplexometrisch bestimmt. 

<» 3. Mitt.: J. Prakt. Chem. 14, 285 (1961). 

(2) L. Wolf und R. Hering, Chem. Techn. 10, 661 (1958), 

(J) L. Wolf und R. Hering: unverdff.; Dissertation von R. Hering Leipzig Januar 1960; 
W.P. 12g/70139 angemeldet. 

U) L. Wolf, R. Hering und R. Waoener, unverdff.; Diplomarbeit von R. Wagener, 
Leipzig Juni 1960. 
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Im pH-Bereich 3-4 liegt fur Yb 3 + (gleiche Befunde gelten bei 0 6 hSheren pH- 
Werten fur La 3+ ) die wasserbestandige Kapazitat des IDE-Austauscherharzes bei 
0-5 mMol Yb 3 + pro mMol IDE-Austauscherharz. Entsprechend einem Yb;Y- 
Verhaitnis (Y = verankerte IDE) von 1:2 und dcr zur Dekomplexicrung verbrauchten 
S§ure (Gl. 3) stehen 3 mogliche Komplexformen zur Diskussion: 

[YbYHY]; [YbY]++[HY]-; [YbYJH 

(D (ID (HI) 

Die Form III ist nur in stark alkalischem Gebiet in der Salzform [YbY 2 ] 
bestandig. I wird wegen des mit steigendem pH kontinuierlichen Kapazitatsanstiegs 
unwahrscheinlich, so dass II, die Salzform zwischen emen kationischen 1:1—Komplex 
und der anionischen Betainform, als existent betrachtet werden kann. 

Die zur Dekomplexierung verbrauchte Saure veriangt fur Kapazitaten iiber 0 5 
(Dimension wie oben) in Obereinstimmung mit den zugehorigen Dekomplexierungs- 
gieichungen (Gl. 4) die zusatzliche Bindung ernes Anions im seltenerd-beladenen 
IDE-Austauscherharz. Die Differenz der anionischen Betainform [HY] - reicht hier 
nicht mehr aus, die uberschussigen positiven Ladungen des kationischen Komplexes 
[YbY] + zu kompensieren. 

2 Komplexformen werden damit moglich: 

<+> 

2 [YbY]++[HY]-+N0 3 - bzw {[YbY] 2 YH}++N0 3 - 
(IV) (V) 


V wird nur dann begreiflich, wenn die tatsachliche Struktur der Salz-Betainform der 
IDE beriicksichtigt wird. 

+ /CHj-COO- 

X-CH 2 -NH (VI) 

\ch 2 -coo- 

(X=Ankers telle) 


Obwohl IDE als einbasische Saure fungiert, besitzt die Molekel neben positivem 
Ammoniumstickstoff zwei gleichwertige Acetatgruppierungen Damit wird, bedingt 
durch die Koordinationstendenz dieser Acetatgruppen, die Form eines kationischen 
2:3—Komplexes wahrscheinlich. 


x-ch 2 -n 


/CH 2 —COO\ /OH 2 H 2 0\ /OOC—CH 2 \ 


-Yb 


Yb 


n-ch 2 -x 


\ch 2 — coo/ | \oh 2 h 2 o^ 


\ooc—ch 2 / 
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V zufolge besSfie das EDE-Austauscherharz bei Beladung iiber 0-50 bewegliche 
Anioocn, die unter geeigneten Bedingungen ausgetauscht werden konnen. Die 
experimentelle Untersuchung dieser Vermutung ergab, daB Beladungen iiber 0-50, 
sowohl in der Lanthan- als auch m der Ytterbiumform anionenaustauschende 
Eigenschaften aufweisen. Austauschversuche von N0 3 - gegen Cl~ und umgekehrt 
ergaben bei einem Beladungsgrad von 0'50-0-63 ansteigende Anionenkapazitat bis 
009 mVal N0 3 " bzw. Cl - pro mMol IDE-Austauscherharz. Theoretische 
Austauschkapazitaten konnten deshalb nicht erreicht werden, weil jede anionenaus- 
tauschfahige Beladungsform bei der Behandlung mit KN0 3 — bzw. KCL-L6sung 
merklich Seltenerd-Ionen abgab. 

Beladungen iiber 0-65 verheren durch KC1- od. KN0 3 -Losung weniger 
Seltenerd-Ionen und zeigen geringere Anionenaustauschfahigkcit. Noch hQhere 
Beladungsgrade verlieren volhg diese Eigenschaft. Der Verlust der Anionenaustausch- 
fahigkeit tntt auch dann auf, wenn an Beladungen zwischen 0-50 und 0-63 im 
alkalischeren Gebiet, als der Beladung 0-63 entspricht, der Austausch versucht wird. 
Demzufolge ist der Ubergang zum alkalischen Gebiet mit einer Umwandlung des 
katiomschen 2:3-Komplexes V in einen nichtionogenen 2:3-Protonen-Hydroxo- 
komplex verbunden. Die Reaktionsbereitschaft zu mederem und hoheren pH wird 
durch folgende Grenzzustande charakterisiert: 

(+) (+) (-) 

(VIII) {[YbY] 2 YH} ++OH- -—- {[YbY] 2 YH, OH} 

11 11 

[Yb 2 HY 3 ]++0H~^=i[Yb 2 HY30H] (XI) 

VIII liegt beim Obergang zu mederen pH-Werten vor. Anstelle von OH - tritt ein 
austauschfahiges Anion VIII besitzt bereits die Elemente von II, [YbY] + und 
[HY]~, die in mederen pH-Bereichen bestandig sind. 

Mit steigendem pH lagert sich VIII in die Struktur emer primaren komplexen 
Pseudobase IX urn und bildet bei Beladungen uber 0-66 ausserdem eine sekundare 
komplexe Pseudobase [YbYOH] (X). X 1 st bereits in IX vorgebildet: 

[Yb 2 HY 3 OH] ^==±[YbYOH]+[YbY][HY] 

Hohere Beladungsgrade geben bei der Behandlung mit alkalischen Kahumacetate- 
Losungen (pH 10-13) merklich Yb(OH) 3 ab. Dabei zerfallt X, wie zu erwarten, unter 
Verbrauch von Hydroxyhonen m dem amomschen 1:2-Komplex [YbY 2 ]~ (XI) und 
Seltenerd-Hydroxyd. 

2[YbYOH] l-OH- [YbY 2 ] +Yb(OH) 3 (GI. 1) 

In Obereinstimmung mit dem Expenment verhmdert XI, im alkalischen Gebiet den 
theoretischen Beladungsgrad 1 -00 zu erreichen. 

Die hier dargelegten expenmentellen Ergebnisse und lhre SchluBfolgerungen 
stmimen im wesentlichen mit der derzeitigen Kenntnis iiber die Struktur und 
Bildungsweise der Komplexonato-Komplexe der Seltenerd-Ionen liberein. In einer 
diesbeziiglichen umfassenden Arbeit beschreibt Wolf (5) etnen experimentell 
dargestellten 2:3-Komplex [LaX] 2 X.8 H 2 0 (XII) (X = o-oxycyclohexyliminodiessig- 
saure), der auch als Salz des katiomschen Tl-Komplexes mit dem anionischen 
1'2-Komplex [LaX][LaX 2 ]-8 H 2 0 oder als neutraler 2:3-Komplex [La 2 X 3 ]-8 H 2 0 
auffassbar ware. Die Nichtexistenz der beiden letzteren Komplexformen konnte 
von Wolf u. Mitarbeitern eindeutig sichergestellt werden. 

(5) L. Wolf, Osterr. Chem. Z. 60, 99 (1959). 
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Der im stark alkalischen Gebict liegende Existcnzbereich des in XII formulierten 
Anions X 2- steht im Widerspruch zu dein Existenzbereich des kationischen 1:1- 
1 Komplexes [LaX] + , so dass Formulierung XII ebenfalls nicht den stabilen Zustand 
dieses Komplexes wiederspiegelt. 

Eine stabile Form des Komplexes ist aber dann vorhanden, wenn in Analogie 
zu Vffl und IX eine Kristallwassermolekel im dissoziierten Zustand am Aufbau der 

(+) 

Komplexverbindungbeteiligtist: {[LaX] 2 XH} + , OH~-7 H 2 0 bzw. [ La 2 HX 3 OH]-7 
Die preparative Darstellungsmdglichkeit von XII bestatigt somit einerseits die 
Komplcxtypen V, VIII und IX, andererseitserklaren die pH- und beladungsabh&ngigen 
Kapazitats- und Austauschverhaltnisse die Struktur der Komplexverbindung XII. 

Die zur Dekomplexierung der gebundenen Seltenerd-Ionen bentttigte Sfiuremenge 
hftngt von der Bindungsform des Harzkomplexes ab und diente neben den KapazitAtsbestim- 
mungen und der potentiometrischen Titration der BenzyliminodiessigsAure,<«> der 
monomeren Vergleichssubstanz des IDE-Austauscherharzes, zur AufklArung der Komplex- 
Strukturen. In Gl. 2-7 sind die Dekomplexierungs-Reaktionsgleichungen fUr die 
erwfihnten Stufen mit den zugehOrigen Dekomplexierungs-SaureAquivalenten pro Mol 
IDE-Austauscherharz (H + (Y) aufgefiihrt. Fiir jede Messung wurde der SAureverbrauchaus 
den gemessenen Kapazitatswerten und den Dekomplexierungsgleichungen zum Vergleich 
mit dem experimentellen SAureverbrauch errechnet. Der Beladungsgrad 0-50 wurde mit 
Gl. 3, der Beladungsgrad 0-66 mit Gl. 4 berechnet. Tieferliegende Werte als 0-50 wurden 
anteilmAOig aus Gl. 2 und Gl. 3, zwischen 0 50 und 0-66 liegende Werte wurden anteilm&Big 
aus Gl. 3 und Gl. 4, wenig Uber 0-66 liegende Werte mit Gl. 4 und Gl. 5 bzw. Gl. 5, hohe 
Beladungsgrade nach Gl. 5 bzw. Gl. 5 und Gl. 6 berechnet. Die berechneten Sfiuremengen 
stimmen mit den experimentellen Befunden iiberein. 


[HY]~+ H + -» [HY]H 
[YbY]++[HX]- + 3 H+ -* Yb 3+ +2[HY]H 
{[YbY] 2 (+>YH} + +5H+ -* 2Yb 3 + + 3 [HYJH 
rYbHY 3 OH]+6H + -*■ 2Yb 3 ++ 3 [HYJH 
[YbYOH]+3 H+ - Yb 3 + [HYJH 
[YbY 2 ]-+4H+ -*■ Yb 3+ + 2 [HY]H 


(1 H+/Y) (Gl. 2) 
(1/5 H+/Y) (Gl. 3) 
(1-66 H + /Y)G1.4) 
(2 H+/Y) (Gl. 5) 
(3H+/Y) (Gl. 6) 
(2H+/Y) (Gl. 7) 


Tabelle l.—F asst alle moguchen kompijbxtypen, deren existenz 
VOM pH-WERT UND VOM BELADUNGSGRAD ABHANOT, ZUSAMMEN 



pH- 

Bereich 


Bindungsform 

Yb 3 + 

La 3 + 

Beladungsgrad 

[YbY]+; [HY]~; [HY]H 

< 30 

< 3 5 

0-45 

[YbY] + ;[HY]- 

s{[YbYhXH}++N0 3 - 

3 5-3-9 

41-4-5 

050 

5-1-5-5 

5-7-61 

0-67 

3[Yb 2 HY 3 OH] 

5-7-6 0 

6-3-6-7 

0-67 

[YbYOH] 

> 6-0 

> 6-6 

0-67 

zfYbYd- 

> 9 

> 10 



Der Vergleich des pH-abhangigen Kapazitatsverlaufs zwischen zwei- und 
dreiwertigen Metallionen verdeutlicht die unterschiedlichen Eigenschaften. Ob die 
Albweichungen der Seltenerd-Messpunkte vom geradlinigen Kapazitatsanstieg auf 
Messfehler oder uitterschiedliche Komplexstabilitaten der verschiedeuen Komplex- 
formen zuriickzufiihren sind, wurde noch nicht untersucht. 

<«>*. Hering, W. Kruger und G. Kuhn Zf. Chem. 2, Dezember 1962. 
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Abb. 1.— Zeigt den pH-abhimgigen Kapazitats-Verlauf fur Zn I+ (A), Yb J+ (B) 

und La 3 + (C). 


Die Anwendung der bisherigen Erkenntms auf den Elutionsverlauf bei Trennver- 
suchen begriindet sowohl den Trennerfolg bet zweiwertigen als auch den Misserfolg 
bei dreiwertigen komplexbildenden Metallionen. 

Wird eine mit zweiwertigen Metallionen beladene IDE-Austauschersaule mit 
verdiinnter Mineralsaure eluiert, (3) dann stehen nur die neutralen 1 :l-Komplexe mit 
den wandernden Metallionen (bzw. wandernden anionischen Metallkomplexen) in 
einfachem und ubersichtlichem Austauschgleichgewicht. (7) 

Die IDE-Harzkomplexe werden unter Verbrauch von Wasserstoffionen 
dekomplexiert, wobei neben Me 2+ die saure Betainform des IDE-Austauscherharzes 
gebildet wird. 

/CH2—COO\ + /CH 2 —coo- 

X-CH 2 -N-► Me+2H + -+X— CH 2 NH +Me 2 +(G1. 8) 

\CH 2 —COO/ \CH 2 —COOH 

(2H+/Y) 

Die schwacher komplexbildenden Metallionen werden bevorzugt dekomplexiert 
und wandern somit schneller in der IDE-Austauscher-Saule. Am unteren Rand des 
Mc 2+ -Zone, der oberen Grenze der Alkali-Betain-Form des Harzes, bilden die 
wandernden Me 2+ -Ionen erneut IDE-Komplexe. Dabei werden Wasserstoff-Ionen 
m Freiheit gesetzt, die von einem Teil der Alkaliform der verankerten IDE abgefangen 
werden. 

<7> R. Herinq Zf, Chem. 3, Januar und Februar (1963) 
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+ /CH 2 -COO- /CH 2 —COO\ 

2X—CH 2 —NH +Mc2+-» X -CH 2 -N-► Me+ 

\ch 2 -coo- \ch 2 —COO/ 

+ /CH 2 -COO- 

X-CH 2 -NH (G1.9) 

\ch 2 -cooh 

Damit schcidet ein Teil dieser IDE-Gruppen von der Komplexbildung aus. Bei 
fortlaufender Elution verwandelt sich die unterhalb der Me 2+ -Zone befindliche 
Alkaliform immer starker in die H-Form. Dieser Saurevorlaufeffekt kann zu 
nachtraglichen Stdrungen des Trenneffektes fiihren, wenn zu lange Saulen verwendet 
werden.* 

Die zweiwertigen Metallionen erscheinen in Reihenfolgen steigender Komplex- 
stabilitat (z.B. Co-Zn-Ni-Cu) mit charakteristiscbein Zersetzungs- oder Dekomplex- 
sierungs-pH-Wert 1 m Eluat. Letzterer ist unabhangig von der Saurekonzentration des 
Elutionsmittels. 

Demgegeniiber sind bei dreiwertigen Metallionen mehrere Komplexformen am 
Elutionsvorgang beteiligt. Der Zersetzungs-pH-Wert der zu Trennversuchen 
verwandten Alkali-Form des IDE-Austauscherharzes liegt im neutralen Gebiet, 
derjenige der Seltenerd-Ionen zwischen pH 2-3 und 2-7. t Bei einem analogen 
Trennversuch von dreiwertigen Metallionen miissen alle fiir diesen pH-Bereich 
zutreffenden Komplex-Formen, auch die anionenaustauschende Form V und die 
pseudobasischen Formen IX und X, durchlaufen werden. Samtliche Komplexarten 
bestitzen, auch wenn dies durch die vorliegenden Messungen nicht zum Ausdruck 
kommt, unterschiedliche Komplexstabilitaten, d h. sie wandeln sich bei der Elution 
nicht vollig kontinuierhch ineinander urn. Die ohnehin wenig differenzierten 
Komplexstabilitaten benachbarter Seltenerd-Ionen ermoglichen damit bei Anwesen- 
heit verschiedener Seltenerd-Ionen eine (Jberlagerung der Stabilitatsbereiche der 
mdglichen Komplextypen, wodurch eine Auftrennung verhindert wird. 

Dem Prorfcktorat fur Forschung der Karl-Marx-Universitat Leipzig danke ich 
fiir die Bereitstellung von Forschungsmitteln. 

* Bei Trennungen von zweiwertigen Metallionen, deren Dekomplexierungs-pH-Werte 
mehr als 0-2 -0-3 pH-Einheiten diffeneren, beeinfluBt der Siiurcverlauf kaum den 
quantitativen TrennefTekt; andernfalls wird eine Abstimmung der SaulenlSnge erforderbch 

tDreiwertige Metallionen besitzen keinen charakteristischen Dekomplexiemngs- 
pH-Wert. 


V 
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ON ANION-EXCHANGE RESIN SELECTIVITIES* 
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(.Received 20 December 1961) 

Abstract—The selectivity of anion-exchange resins in contact with very dilute external solutions 
(negligible resin invasion by non-exchange electrolyte) is considered due in large part to 
changes in the solvation of the ions, resulting from differences in the properties of the resin- 
phase solution and the external dilute aqueous solution. The resin-phase solution is a con¬ 
centrated electrolyte solution with three significant differences from a dilute electrolyte 
solution: (a) the cationic species is fixed on the resin matrix; (b) electrostatic forces are 
stronger; (c) the water molecules m the resin phase have less co-operative structure. The 
tendency of large univalent ions to be forced out of the dilute solution and into the resin phase 
because of their small degree of hydration and considerable water-structure-breaking 
character is considered, as well as the effects of specific group hydration. 

Although considerable data have now been accumulated on the ion-exchange 
process, and ion-exchange resins are much used m separation and purification 
schemes, less success has been achieved in explaining the selectivity of the process. 
We shall consider only equivalent exchange—that is, exchange with very dilute 
external solutions—so that there is negligible resin invasion by non-exchange 
electrolyte. The process may be treated as a chemical equilibrium, so that for univalent 
ions we have 

M~ -hT^ — = 

where the superscript bar stands for the resin phase. This leads to the usual 
equilibrium-constant expression, 

K = [(M)(N)/(M)(N)] [y M y N /y M y" N ]. 

The parentheses () signify species concentration, and y the species activity coefficient, 
and ionic charges have been omitted for simplicity. Choosing the same standard 
state for the resin phase and the dilute external solution fixes the value of the 
equilibrium constant at unity. Then the equilibrium quotient or concentration 
constant, which is what is most readily determined from experiment, becomes 
2 ^ = [(M)(N)/(M)(N)] = [y M y N /y M 7 N ]- 

The responsibility for the specificity of the exchange process is thus placed on the 
ratios of the activity coefficients, particularly on those of the resin phase, as the 
external solution can be made so dilute that y M /y N ' s essentially unity or has a known 
value. 

* This work was supported in part by U.S. Atomic Energy Commission. Presented in 
Part at 133rd Meeting of the American Chemical Society, San Francisco, California, 1958. 
Abstracts of the Meeting, Paper 55Q. 

t Present address: Chemistry Department, University of Kansas, Lawrence, Kansas, 
t Present address; Department of Chemistry, University of California at Davis, Davis, 
California. 
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From experimentally determined gJJs and the known values of y M /y N , ratios of 
resin-phase activity coefficients can be obtained. Conversely, if the resin-phase 
activity coefficients for various ions can be estimated, their ion-exchange behaviour 
can be predicted. This has been done in certain special cases, but requires a con¬ 
siderable amount of experimental data on low-crosslinked resins and on activity 
coefficients for mixed electrolyte solutions .* 1 • 2 > Obviously it would be most desirable 
to be able to explain, even qualitatively, the physical reasons behind the resin-exchange 
specificity. 

Toward this goal, several models for the ion-exchange process have been proposed 
For example, Gregor has pointed out that an osmotic free-energy term included m 
the free-energy expression for the exchange would help explain resin specificities from 
the mechanical swelling properties of the resin and the hydrated volumes of the ions 
RT In Qj* = k(F n -F m ) + j R 7’ In (y M yJy M y N ), 
where it is the osmotic swelling pressure and and F m are the partial molal volumes 
of species N and M in the resin phase. Qualitatively, this idea was in agreement with 
experiment; usually ions that swelled the resm phase the most were least absorbed 
by the resin. This marked a significant advance in resin theory, but, quantitatively, 
the pressure-volume term proved too small in magnitude to yield the experimental 
values of Q under normal conditions. <2> 41 In fact, a more detailed molecular model,< 5 > 
which assumes all resin specificity to be based upon ion pairing between the resin 
groups and the exchanging ions, predicts the change m the resin volume as a result 
of the exchange, rather than as the cause of the exchange. 

The idea of electrostatic ion pairing as the source of resm specificity goes back, 
perhaps, to the empirical observations that the affinity of cation resins for an ion 
apparently increases with increasing charge and decreasing hydrated radius. Such 
an electrostatic model has been used by Pauley for the calculation of Q for some 
cation-exchange reactions.< 6 > Interactions of this type may play a part m determining 
resin selectivity, particularly with highly cross-linked cation resins, but ion pairing, 
at least as it has been considered, cannot be the main factor in anion exchange 
Firstly, strong ion-ion interactions between halide ions and large model resmate ions 
such as trimethylphenylammonium ion are not expected in aqueous solutions. 
Secondly, if electrostatic ion pairing were the principal source of resm selectivity, 
the higher-charged ions would be greatly preferred. Actually, the converse is usually 
true if one carefully compares anion-exchange constants.* Thirdly, with a simple 
electrostatic model it is very difficult to account for the great preference shown by 
anion-exchange resins for SCN _ over CN - , CIO 4 - over I -, and AuC1 4 - over CIO 4 , 
as the first ion is the larger in each pair and might be expected to have the weaker 
interaction with the resm ionic group. 

* For example, the value of £?c! f° r ReO-r is larger than that for WO4 2 ' by 10 -\ and a 
a similar difference occurs for MnO-r and CrC> 4 2 ~ <7) . This situation will be discussed in a 
subsequent paper. 

(*> G. E. Myers and G. E Boyd, J. Phys. Chem. 60,521 (1956); G. E. Boyd, S. Lindenbaum 
and G. E. Myers, /. Phys. Chem. 65, 577 (1961). 

(2 > E. Glueckauf, Proc. Roy. Soc. 214 A, 207 (1952). 

*3) H. P. Gregor, Jr Amer. Chem. Soc. 70, 1293 (1948); 73, 642 (1951). 

(4 > G. E. Boyd and B. A. Soldano, Z. Elektrochem. 57, 162 (1953) 

(5) S. A. Rice and F. E. Harris, Z. Physik. Chem 8, 207 (1956). 

«) J. L. Pauley, J. Amer. Chem. Soc. 76, 1422 (1954). 



On anion-exchange resin selcctivities 


1407 


A third suggestion as to the cause of anion-exchange selectivity has been that the 
selectivity depends upon the polarizability of the anion in the field of the ream 
cation. <8, But this scheme also has so many exceptions that it cannot be the deter¬ 
mining factor either. For example, the observed sequences of ion-exchange selectivity, 
C10 4 - >1" and CIO 3 - > BrOj- > I0 3 “ and Mn0 4 ~ > Tc0 4 - > Re0 4 - are 
the reverse of the order expected from the anion polarizability as measured by the 
ionic refraction. 

We would like to suggest that the difference in the local water structure inside 
and outside the resin and the extent of hydration of the ion play major parts in 
determining resin selectivity, and that the ion hydration influences resin selectivity 
by other means than just giving the effective size of the ion as in electrostatic ion 
pairing considerations. 

EXPERIMENTAL 

Reagents. The formic, acetic and trichloracetic acids were Baker and Adamson reagent grade. 
The butyric acid was Baker and Adamson technical grade, 98-100 per cent and the caproic 
acid was Matheson, Coleman, and Bell, m.p. —5 to -3~C. The valeric and trimethylacetic acids 
were Eastman White Label Seve; ty-three per cent sodium methyldichloroacetate from 
United Mineral and Chemical Corp. was acidified with 3 M HC1 at 0°C, and the 
methyldichloroacetic acid was extracted into ether and distilled under reduced pressure. 

One-molar solutions of the sodium salts of each of the acids were prepared by placing 
the appropriate weighed amount of each acid in freshly boiled distilled water and adding 
NaOH pellets (Baker and Adamson reagent grade, 97 per cent minimum) with stirring until 
a pH of 7 5 was reached, then diluting with boiled distilled water to the final volume For all 
these solutions, the final pH was between 7-3 and 7-5. The 1 M solutions of all the salts of 
acids with p/if ss 5 were titrated with standard HC1 using a pH meter; the concentrations of the 
salts of the stronger acids were determined from the weight of the acid All lower concentra¬ 
tions were made by dilution of the 1 M solutions with freshly distilled water The chloride 
content of the salts was determined to be 1 per cent or less in all cases except for the 
methyldichloroacetate (3 per cent), and corrections, where significant, were applied. The 
Dowex AG-1 X10, 100-200 mesh, analytical grade anion-exchange resin was obtained from 
Bio-Rad Laboratories. The resin was washed alternately with 3 M HC1 and water several 
times and rinsed with water until the rinse water was chloride-free. The washed resin was 
allowed to air-dry for 3 days, dried over anhydrous Mg( 00 4 )2 in a vacuum desiccator for 8 
days, and stored in an airtight bottle The resin capacity was determined to be 2-692 meq/g by 
complete elution of the chloride ion from the resin with 3 M HC10 4 and titration of the 
displaced chloride The volume of water absorbed by the resin when placed in contact with 
a salt solution was found to be 0 5 ml/g 

Procedure Exactly 1 000 g resin and 10 00 ml of salt solution were placed in a 30 ml 
polyethylene bottle with a polyethylene screw top, and shaken for 10—14 hr. Two 4 00 ml 
samples were removed through fritted glass filters and titrated by the Volhard method 110 ' to 
determine the chloride displaced from the resin by the salt. By use of this information plus 
the initial salt concentration (corrected for the water absorbed by the resin) and the resin 
capacity, and assuming no resin invasion (no non-exchange electrolyte), the quantities listed 
in Table 1 were calculated. [Actually, of course, there is some non-exchange electrolyte 
present in the resin when in contact with the 1 0 M solutions, or even with the 0 02 M 
solutions. But this leads to less than a 5-10 per cent error in the values of Q and D listed in 
Table 1 for the 1 -0 M solutions, and a progressively smaller error for the more dilute ones.] 

{1) B Chu and R M, Diamond. Unpublished data 

(sl H. P. Gregor, J. Belle and R, A. Marcus, J. Amer. Chem. Soc. 77, 2713 (1955) 

{[i) J. Aveston, D. A. Everest and R. A. Wells, J. Chem. Soc. 231 (1958). 

,l01 W. C. Pierce and E. L. Haenisch, Quantitative Analysis (3rd Ed.), p. 302. J Wiley, New 
York’(1948). 
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Table 1.—Experimental results 


Sodhim salt 

Mo 

(Cl) 

(A) 

(A) 

(Cl) 

Q 

D 

-*£L 

Acetate 

1-095 

0-129 

1-225 

0-966 

1-467 

0-112 

1-27 

0-545 


0-547 

00993 

0-995 

0-448 

1-737 

0-122 

2-13 

0-645 


0-219 

00645 

0-613 

0-155 

2-079 

0-123 

3-98 

0-772 


01095 

0-0443 

0-421 

00652 

2-271 

0-126 

6-46 

0-844 


0-0547 

00293 

0-278 

0-0254 

2-414 

0-133 

10-9 

0 897 


0-0219 

00150 

0-143 

0-0069 

2-549 

0-122 

21-0 

0 947 

Formate 

1054 

0-1455 

1-382 

0-909 

1-310 

0170 

1-53 

0-487 


0-527 

0-1135 

1078 

0-413 

1-614 

0184 

2-62 

0-600 


0-211 

0-0720 

0-684 

0-139 

2-008 

0175 

4-96 

0 746 


0105 

0-0510 

0-487 

0-054 

2-207 

0-208 

9-0 

0-820 


00527 

00326 

0-309 

00201 

2-382 

0-210 

15-4 

0-885 


0 0211 

00162 

0-153 

0-0049 

2-538 

0-20 

31 

0-943 

Butyrate 

1074 

0-161 

1-530 

0-913 

1-162 

0-232 

1-68 

0-432 


0-537 

0-123 

1-169 

0-414 

1-523 

0-228 

2-82 

0-566 


0-215 

00798 

0-758 

0-135 

1-934 

0 231 

5-61 

0718 


0-1074 

00543 

0-516 

0-0531 

2-176 

0-243 

9-72 

0 808 


00537 

00345 

0-328 

0-0192 

2-364 

0 249 

17-1 

0 878 


00215 

00173 

0-164 

0-0042 

2-528 

0-27 

39 

0-937 

Trimethylacetate 

1-116 

0-180 

1-710 

0-936 

0-982 

0-335 

1-83 

0 365 


0-558 

0-142 

1-349 

0-416 

1-343 

0-341 

3-24 

0 499 


0-223 

00915 

0-869 

0-132 

1-823 

0332 

6-61 

0-677 


0-1116 

00623 

0-592 

0 0493 

2-100 

0 356 

12-0 

0 780 


00558 

00390 

0-371 

00168 

2-321 

0-371 

22-1 

0 862 


00223 

00185 

0-176 

0-0038 

2-516 

0-34 

46 

0-935 

Trimethylacetate 

1-116 

0 1742 

1-655 

0-946 

1-037 

0-293 

1-75 

0-385 

(repeat run) 

0-558 

0-1355 

1-287 

0-422 

1-405 

0295 

3-06 

0-522 


0-223 

0-0902 

0-857 

0-133 

1-835 

0-318 

6-47 

0-682 


0-1116 

00612 

0-575 

0-0504 

2111 

0-327 

11-3 

0-784 


00558 

00388 

0-368 

0-0170 

2-323 

0-362 

21-7 

0 863 


00223 

00185 

0-176 

0-0038 

2-516 

0-34 

46 

0 935 

Valerate 

1-158 

0-193 

1-834 

0-965 

0-858 

0 427 

1-90 

0 319 


0-579 

0-155 

1-473 

0-424 

1-219 

0-442 

3-47 

0 453 


0-232 

0-1005 

0-955 

0-132 

1-737 

0-420 

7-26 

0 645 


0-1158 

0-0685 

0-651 

0-0473 

2-041 

0-462 

13-8 

0 758 


00579 

0-0433 

0-411 

0-0146 

2-281 

0-534 

28-2 

0-847 


00232 

00198 

0-188 

0 0034 

2-504 

0-44 

55 

0-930 

Caproate 

1063 

0-207 

1-966 

0-856 

0-726 

0-654 

2-30 

0-270 


0-532 

0-175 

1-662 

0-357 

1-030 

0-792 

4-66 

9-383 


0-213 

0-117 

1-111 

0-096 

1-581 

0-86 

11-6 

0 587 


0-1063 

00777 

0-738 

0-0286 

1-954 

1 03 

25-8 

0 726 


00532 

0-0450 

0-427 

0-0082 

2-265 

1-03 

52 

0-841 


00213 

0-0193 

0-183 

0-0020 

2-509 

0-70 

92 

0 932 

Methyl- 

1068 

0-212 

2014 

0-854 

0-678 

0-74 

2-36 

0 252 

dichloroacetate 

0-533 

0-203 

1-928 

0-330 

0-764 

1-55 

5-84 

0 284 


0-213 

0-144 

1-370 

0-069 

1-322 

2 17 

19-9 

0 491 


0-1068 

0-0877 

0-833 

0-0189 

1-859 

2 08 

44 

0 691 


00533 

00478 

0-454 

0-0055 

2-238 

1-76 

83 

0 831 


00213 

00197 

0-187 

0-0016 

2-505 

0-9 

120 

0 931 

Trichloroacetate 

1071 

0-277 

2-631 

0-794 

0-061 

151 

3-3 

0 023 


0-536 

0-266 

2-527 

0-270 

0-165 

151 

9-4 

0-061 

V 

0-214 

0-179 

1-700 

0-035 

0-992 

8-8 

49 

0 369 


0-1071 

00947 

0-900 

0-0124 

1-792 

3-8 

73 

0 666 


00536 

00485 

0-461 

0-0051 

2-231 

2-0 

90 

0 829 


00214 

00201 

0-191 

0-0013 

2-501 

1-2 

150 

0-929 
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RESULTS AND DISCUSSION 

The resin phase can be considered as a concentrated electrolyte solution, and it 
has the following significant differences from the dilute electrolyte solution external 
to the resin: 

(1) One species of ion in the resin solution phase, the quaternary ammonium 
resin cation, is relatively immobile, being fixed on the resin matrix, but this matrix 
itself can swell and shrink to an extent dependent on the degree of cross-linking. 

(2) Electrostatic interactions are stronger in the resin solution (the effective 
dielectric constant of the resin phase is lower). 

(3) The water in the resin phase has less co-operative structure, i.e., the water 
molecules are, on the average, hydrogen-bonded to fewer other water molecules 
than in a dilute aqueous solution. 

Factor (1) leads to the treatment of the resin as a Donnan membrane. If we 
consider only very dilute external solutions, the high concentration of resin-fixed ions 
existing in the usual exchange resin allows a negligible concentration of mobile ions 
of the same charge type to enter the resin phase. Only equivalent exchange occurs. 

Factor (2), more intense electrostatic interactions in the resin phase, owes its 
origin to several causes, as follows. 

(a) The resin-solution phase has a high concentration of ions, and even moderately 
concentrated salt solutions may have dielectric constant values below fifty because a 
significant fraction of the water molecules is oriented around the ions. <n> That is, 
the proportion of “free” water is reduced. 

(b) A large proportion of the wet resin volume (about \ or more, for moderately 
cross-linked resins) is made of hydrocarbon matrix with a low dielectric constant, 
similar to that of benzene. 

(c) There is a reduction in the co-operative effect of the water dipoles in producing 
a large moment because of disorganization of the water structure. 

Factor (3), the partial disruption of the normal structure of water, is due to the 
intrusion of the resin matrix into the water structure and to the high concentration of 
ions in the resin solution. In water at room temperature, each water molecule is 
hydrogen-bonded, on the average, to about three other water molecules in a 
pseudotetrahedral short-range structure.* 1 )a > !2. 13. 14) Inside the resin phase, however, 
this short-range order is disturbed and broken up by the high concentrations of resin 
ions and counter ions. These ions occupy solution volume and tend, to a greater or 
lesser extent depending upon their charge and size, to orient the water dipoles around 
themselves. Furthermore, the hydrocarbon matrix of the resin intrudes into the 
solution and confines the water and mobile ions to relatively narrow capillary pores 
and sheets with one, and possibly two, dimensions of the order of magnitude of 10 K. 
Thus a water molecule in the resin phase is hydrogen-bonded on the average to fewer 
other water molecules than in the dilute external solution. 

Factor (2), the enhanced electrostatic interactions between ions in the resin phase, 
cannot be the primary factor leading to the observed anion selectivity orders. For, as 

(n) (a) G. H. Haggis, J. B. Hasted and T. J Buchanan, J. Chem. Phys. 20, 1452 (1952); 

(b) F. E. Harris and C. T. O’Konski, J. Phys. Chem. 61, 310 (1957). 

<12) L. Pauung, Nature of the Chemical Bond, p. 468. Cornell University Press, Ithaca, 

New York (1960). 

<UI P. Cross, J. Burnham and P. Leighton, J. Amer. Chem. Soc. 59, 1134 (1937). 

1141 J. Morgan and B. E. Warren, J. Chem. Phys. 6, 666 (1938). 
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mentioned in the introduction, there are too many exceptions to the order of 
selectivity required by purely electrostatic ion-pairing. 

On the other hand, Factor (3), leading to differences between the ion-water and 
the water-water interactions in both the resin and the external aqueous phases, must 
be considered as a possible reason for resin selectivity. The hydration of ions in the 
resin phase will certainly be reduced below that in the dilute external solution. This 
is due, as in any concentrated electrolyte solution, to the smaller ratio of water 
molecules to ions, and to the fact that there is not sufficient room in the resin pores 
to allow as complete secondary solvation of the ion as in the dilute solution phase 
That is, at distances from the ion greater than a few angstroms, there exist in the resin 
phase relatively nonpolarizable ions and hydrocarbon matrix, while in a dilute aqueous 
solution essentially only polarizable and orientable water molecules occur in the 
vicinity of the ion.* A small, highly charged ion will prefer the aqueous phase, as 
its transfer into the resin requires a loss of hydration energy. However, the larger 
the ion and the smaller its charge, the smaller its degree of hydration in the aqueous 
phase and the less hydration energy it can and does lose on passing into the resin 
phase. Thus, in an exchange process, the larger, less hydrated ion is pushed into the 
resin phase so that the smaller ion can achieve maximum hydration in the dilute 
external phase. The value of the equilibrium quotient for the exchange is larger as 
the disparity in the hydration of the ions is greater. 

The idea that the larger the ion is, the less well it is hydrated, and the more 
strongly it is forced into the resin phase, is not correct if the ion has structural features 
or groups which are strongly hydrophilic. For anions of similar size and structure, 
the degree of hydrolysis of the anion, or the strength of the parent acid, is an indication 
of the strength of the ion’s interaction with water. The more strongly an anion picks 
up a proton (the weaker the parent acid), the more strongly the anion (hydrogen- 
bonds) to a water molecule, and the more strongly it prefers the dilute external solution 
phase to the concentrated resin phase. 

The difference between the water-water interactions in the two phases must also 
be considered. The dilute external solution has essentially the hydrogen-bonded 
structure of pure water. The addition of ions disrupts this structure. Small, highly 
charged ions reorganize the nearest water molecules into their own hydration shell, 
and orient and polarize water molecules for some distance. On the other hand, large, 
low-charged ions break up a large volume of the water structure but do not have 
a sufficiently high charge density to tightly bind the nearest water molecules. The 
hvdrogen-bonded water structure can be thought of as an elastic framework which 
tends to oppose the entrance of the intruding large ion. The limiting case is furnished 
by an uncharged molecule such as CCI 4 which is actually kept out of solution by the 
water structure. (Large anions such as FeCLt - , AuCl 4 ~, etc., are similar to the CCI 4 
molecule but with a single negative charge smeared over the chlorine atoms, and so 

* Ions that are so strongly hydrated in the external solution as to possess a primary shell 
co-ordinated water molecules certainly tend to retain this co-ordinated shell in the resin phase, 
at least for resins of not too high a cross-linking. For example, it has been shown that the 
hexaquo chromium(III) ion keeps its primary hydration shell in a cation-exchange resin 
(Cf. Boyd and S&ldano |15 >.) But the solvation of this first water shell will be greatly 
disturbed in the resin phase. 

us) o. e. Boyd and B. A. Soldano, J. Amer. Chem. Soc. 75, 6105 (1953). 
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should also be affected by this opposition of the water structure, though to a smaller 
extent.) In the resin phase, the water structure is already so badly disrupted that it 
offers much less opposition to the entrance of a large ion. The larger the ion, the more 
easily it is transferred out of the dilute aqueous solution into the less ordered water 
structure of the resin phase, yielding the same selectivity order as already indicated 
above by consideration of the ion-water interactions alone. 

An obvious limitation on the foregoing is forced by the size of the ion-exchange 
resin pores. When an ion is too large to lit into the pores without considerable 
expenditure of energy to expand the resin matrix, it is discriminated against by the 
resin. Since resins do not have a single pore size, but a distribution of sizes, and the 
average value decreases with increasing cross-linkage, the pore-size limitation is least 
important for the lower-cross-linked resins. For the usual anions and for resins of 
normal cross-linking (8-10% DVB content), and keeping the pore-size limitation in 
mind, we may state that in an ion-exchange reaction, the less highly hydrated (larger) 
ion is preferentially ejected by the water structure into the resin phase, and the more 
highly hydrated (smaller) ion preferentially solvates in the dilute aqueous phase, thus 
maximizing the water-water and water-ion interactions in the system. 



Fio. 1.—Plot of distribution ratio, D, against total aqueous molarity for sodium 

acetate, x——x, sodium formate, o-o; sodium butyrate, A-A; sodium 

trimethylacetate, -|-b; sodium valerate, 0--0; and sodium caproate, A JL- 

The predicted effect of ion size has been tested by determining the order of resin 
selectivity for the fatty acid anions acetate, butyrate, trimethylacetate, valerate, and 
caproate against the common ion, chloride This was done at total aqueous phase 
concentrations of 10, 0-5, 0-2, 0 1, 0 05, and 0 02 M, and the results are shown in 
Table 1 and Fig. I. The symbol Q, the concentration constant, is defined as 
Q = (A) (C1)/(A) (Cl) where (~) means resin phase concentration in millimoles per 
gram of resin, and () means aqueous phase concentration in millimoles per millilitre 
of solution. Similarly the distribution ratio D is defined as D = (X)/(A). The charge 
on these fatty acid anions is concentrated in the carboxylate group, and so this group 
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is the principal source of hydration for the ions. Furthermore, these anions are all 
derived from weak adds of the same strength, and so the hydration of the carboxylate 
group in each is comparable, leaving primarily their size as a selectivity factor. In 
going from acetate to caproate, the increasing size of the hydrocarbon tail must 
increasingly disturb the hydrogen-bonded water structure of the dilute external 
solution, so that the larger the tail, the more strongly the anion should be pushed into 
the less structured resin phase. This leads to the predicted order of resin selectivity 
acetate < butyrate < valerate < caproate, which is that observed experimentally. 
Trimethylacetate has a more compact structure than its straight-chain isomer, valerate, 
and so has a somewhat smaller value of D and Q. These selectivity orders cannot be 
explained by a simple electrostatic ion pairing model. 

Besides the effect of ion size, the effect of specific ion hydration was also tested. 
The sequence of anions trimethylacetate, methyldichloroacetate, and trichloroacetate 
was used. In replacing a methyl group with a chloro group, the size of the anion is 
held substantially constant, but the inductive effect of the chlorine atom transforms 
the anion into a progressively weaker base. That is, the corresponding acids become 
progressively stronger, as can be seen in Table 2, where are listed the ionization 
constants for the similar acids acetic, chloroacetic and trichloracetic. Since the 
carboxylate of the increasingly chlorine-substituted anion is less basic toward 
capturing a proton from water, it also interacts less strongly with water molecules. 


Table 2—Limiting equivalent conductivity of anion, it°, and dissociation 

CONSTANT OF PARENT ACID, K„, AT 25 “Cl 1 *) 


Anion 

;.° 

K n of parent acid 

F“ 

55-4 

6-7 x 10 “ 4(1 8) 

Cl" 

76-4 

Strong 

Br- 

781 

Strong 

I" 

76-8 

Strong 

C10 4 - 

67-4 

Strong 

HC0 2 - 

54 6 

1-77x10--' 

CH 3 CO z - 

409 

1-76x10-5 

ch 3 ch 2 co 2 - 

35-8 

1 -34 x 10-5 

CH 3 (CH 2 ) 2 C0 2 ~ 

32-6 

1 -51 xlO-5 

ch 3 (ch 2 ) 3 co 2 - 

— 

1-38x10-5 

coh 2 co 2 - 

39(17) 

1-38x10-3 

cci 2 hco 2 - 

38-5117) 


cci 3 co 2 - 

37117) 

Strong 

cio 3 - 

64 6 

Strong 

Br0 3 - 

55 7 


io 3 - 

39-407) 

1-67 x 10-Kis» 

no 2 - 

62-'i7> 

4-5 x 10-408) 

no 3 - 

71-5 

Strong 

CIO- 


3-2x10-8 

BrO" 


2-1 x 10-9 

IQ" 


10-11 


(lf) R. A. Robinson and R. H. Stokes, Electrolyte Solutions. Butterworths Scientific 
Publications, Lo«>don (1955). , 

(17 > International Critical Tables, Vol. 6. McGraw-Hill, New York (1929). 

(1,) W, M. Latimer, Oxidation Potentials. Prentice-Hall, New York (1952). 

«*> «gy. Halban and 3. Brull, Helv. Chim. Acta. 27,1719 (1944). 

f.m 
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That is, the anion of the stronger acid is less strongly solvated by water. Thus, it 
would be expected that trimethylacetate would prefer the dilute external solution 
more than the weaker base, methyldichloroacetate; and the latter ion, in turn, would 
prefer die aqueous phase more than the still weaker base, trichloroacetate. This is 
precisely the experimentally observed order, as given in Table 1 and Fig. 2. 



Fra. 2.—Plot of distribution ratio, D, against total aqueous molanty for sodium 

trimethylacetate, +-+ ; sodium methyldichloroacetate, and sodium 

trichloroacetate, || 

The effects of ion size (water-structure-breaking factor) and of specific ion 
hydration may act in opposite directions Usually the latter dominates m determining 
the order of anion selectivity. Formate and acetate ions (Table 1 and Fig. 1) furnish 
an example. From the argument given above for the larger fatty acid anions, it 
might be expected that the larger acetate ion would be preferred by the resin over 
formate. But in the earlier example, all the anions were of the same base strength, 
whereas formate is a weaker base than acetate (Table 2), so that its carboxylate 
group interacts more weakly with water than that of the acetate ion. The stronger 
ion hydration of acetate than of formate holds the former preferentially in the external 
aqueous phase, giving the observed resin order formate > acetate < butyrate. 

In fact, for any series of similar complex anions from a family of the periodic 
table one should be able to predict the order of resin selectivity from the order of 
base strength of the anions. For a family in which the elements become more electro¬ 
positive on going to the heavier members, one would expect a sequence of similar 
complex anions derived from these elements to become stronger bases on going down 
the family. Because of the resulting stronger interaction with water one would predict 
that such a sequence of anions would show a decreasing affinity for the resin. Examples 
are Mn0 4 ~ > Tc0 4 ~ > Re0 4 ~, CrCy- > WO^-, and C10 3 - > Br0 3 ~ > I0 3 ~, 
and these are indeed the observed orders. (7 - 9- 20 ) Jt can be predicted that the selectivity 
order CIO - > BrO - > IO - should also occur, as the base strength of these anions 
similarly increases from CIO _ to IO _ (Table 2). These seleetivities cannot be explained 
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by the polarizability of the anions, at least as indicated by their ionic refractions, for 
such a model leads to the reverse ordering. 

On the other hand, if, in going down a family, the elements become less electro¬ 
positive, their complex anions become less basic and interact with water less strongly. 
As a result, such a sequence of anions should show increasing selectivity by the 
resin—the opposite behaviour to that mentioned in the preceding paragraph 
Examples of such sequences would be predicted for complexes of the nobler metal 
elements, c.g., Ag(CN) 2 - < Au(CN) 2 - and Ni(CN) 4 2 - < Pd(CN) 4 2 ~ < Pt(CN) 4 2 -, 
and these are the experimentally observed orders/ 9 * 

If the effects of both (crystallographic) ion size and specific ion hydration act in 
the same direction, prediction of the order of resin selectivity for a series of ions is 
unambiguous. Such is the case for the resin selectivity sequence F” < Cl” < Br < 
I - < C10 4 < AuCl 4 ~. (8 ' 9 ' 21 _24) The ions get progressively larger and become 
weaker bases, both factors leading to the actually observed order. For the smaller 
F _ and Cl ~ ions, the effect of better solvation in the dilute aqueous phase is probably 
the predominant factor (the greater hydration of F - relative to Cl ~ is indicated by 
the relative strengths of the parent hydrohalic acids and by the smaller limiting 
equivalent conductivity of F ). For Cl~, Br~, and I - , both factors probably 
contribute significantly, and for the larger, less highly hydrated ions I -, C10 4 -, and 
AuCl 4 ~ the disruption of the water structure is probably the more important factor 

It is difficult to explain this sequence solely on the basis of electrostatic ion 
pairing of the resin quaternary ammonium ion with the anion. The ions Cl ,Br and 
I - have similar limiting equivalent conductivities (Table 2), indicating approximately 
the same effective (hydrated) radii, and the limiting equivalent conductivity for C10 4 - 
is considerably less, indicating a still larger effective radius in solution. If only 
electrostatic ion pairing were important in determining anion selectivities, Cl \ 
Br", and I ~ should then be bound to the resin about equally, and all much more 
strongly than C10 4 ”, in contradiction to the experimental facts. Also, any explanation 
based solely on anion polarizability fails in the C10 4 ~—I - case, as I” has a larger 
ionic refraction than C10 4 ~. 

Another example in which size of the ions and the effect of specific ion hydration, 
as measured by the strength of the parent acid, combine to give an unambiguous 
order is furnished by the pair N0 2 ~ and NO 3 ”. The first one is derived from the 
weaker acid, and so is more highly hydrated. (It shows, in fact, the lower limi'mg 
equivalent conductivity (Table 2).) The order of resin selectivity expected then is 
N0 2 - < NO 3 ~, and this is the observed sequence/ 21 * For similar reasons the resin 
selectivity orders CIO - < CIO 3 ~ < C10 4 ”, BrO ~ < Br 03 ”, IO < IO 3 ”, HSOi < 
HS0 4 - , SO 3 2- < S0 4 2 ~, etc., can be predicted. Except for the sequence CIO 3 " < 
cio 4 -.t 9 * these particular sequences have not yet been experimentally determined, 
but they would provide interesting confirmation of the ideas presented. 

In summary, then, it is seen that for anions of weak acids, the specific effect of 
ion hydration is the predominant one, and the more basic the ion the more it prefers 

< 20 > R. W. Atterbury and G. E. Boyd, J. Amer. Chem. Soc. 72,4805 (1950). 

< 2 ‘> R. M. WheatOn and W. C.' Bauman, Indust. Engng. Chem. 43, 1088 (1951). 

< 2I > R. Kunin and F. X. McCarthy, Indust. Engng. Chem. 41,12 (1949). 

<23* K. A. Kraus and F. Nelson, J . Amer. Chem. Soc . 76, 984 (1954). 

<24* g. E. Boyd, S. Lindenbaum and G. E. Myers, J. Phys. Chem. 65, 577 (1961). 
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the dilute external phase. For large anions, or those of strong acids, ion hydration is 
less important, and the effect of disrupting the hydrogen-bonded water structure of 
the dilute external solution becomes more important—the more so as the ion becomes 
larger. That is, in the exchange, the large ion is squeezed out of the solution into 
the less structured resin phase (pore size permitting), as such behaviour maximizes 
the ion-water and water-water interactions in the total system. It is suggested that 
these differences in ion-water (ion hydration) and water-water (water-structure) 
interactions between the resin and aqueous phases are the principal origins of anion 
selectivity with the usual synthetic organic resins, rather than any specific resin ion- 
counter ion or resin matrix-counter ion interaction, as is postulated in any electrostatic 
ion pairing model or one based solely on anion polarizability. 




*4 
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distribution of nitric acid between water and 

AMBERLITE LA-1 LIQUID ANION EXCHANGER 

A. S. Kertes* and I. T. Platzner 

Department of Inorganic and Analytical Chemistry, 

The Hebrew University of Jerusalem, Jerusalem, Israel 

(Received 20 December 1961) 

Abstract—The solute-solvent interaction between Amberlite LA-1, a long-chain secondary 
amine extractant dissolved in carbon tetrachloride or benzene and aqueous nitric acid solution 
up to — 16 M has been investigated by physical and chemical measurements. The first 
reaction is an acid-base equilibrium leading to the formation of amine nitrate. The 
equilibrium constants were evaluated as K\ — 3 8 x 10 ! and 5-4 x 10 5 m carbon tetrachloride 
and benzene respectively. The second and third reactions postulated involve amine nitrate 
and associated nitric acid molecules, leading to the formation of a molecular addition 
compound identified as R 2 HNHNO 3 HNO 3 and to the physical partition of associated 
nitric acid between the aqueous and organic phases The equilibrium concentration product 
quotients have the values Kz — 1-85 for carbon tetrachloride and Kz = 2’24 for benzene, 
and the distribution constant has the value K d — 0 1 ±0 02 for 1 M amine solution in both 
diluents. The effects of the formation of the amine nitrate aggregates or of the extracted 
molecular addition compound, or both, are not taken into account Evidence was obtained 
that the aggregation of the species in the orgamc phase is largely a post-equilibrium 
phenomenon. 

It has been observed* 1 ' 7 ' that the extraction of nitric acid by long-chain amines is 
not simply a case of an acid-base reaction leading to the formation of amine nitrate, 
since potentiometnc neutralization curves of the acid contained in the equilibrium 
organic phase give two endpoints The amount of base consumed from the first to 
the second endpoint is equivalent to the amount of amine present, and the amount 
required to reach the first endpoint is a function of the concentration of nitric acid 
m the aqueous phase at equilibrium. This indicates that the acid is bound in two 
different ways. 

* Present address: Department of Chemistry and Laboratory for Nuclear Science, 
Massachusetts Institute of Technology, Cambridge 39, Mass. 

ll) E. A. Mason and V. C. A. Vaughen, Report AECU-4631 (1959); Report TID-5720 
(1960); V. C. A. Vaughen and E A. Mason, Summary Report, Dept, of Nuclear. 
Engineering, M.I.T. (1960). 

121 U. Bertocci, AERE/R-2933 (1959). 

<3) D. J. Carswell and J. J. Lawrence, J. Inorg. Nucl. Chem. 11,69 (1959). 

(4) D. E. Horner and C. F. Coleman, Report ORNL-3051 (1961). 

(!) (a) G. Scibona, Italian Comm. Nucl. Res , Report CNC43 (1960); 

(b) G. Scibona and M. Zifferero, Ibid. CNEN-51 (1961). 

161 V. B. Shevchenko, V. S. Shmidt, E. A. Nenarokomov and K. A. Petrov, Zh. Neorg. 
Khim. 5, 1852 (1960). 

(7) O. I. Zaharov-Narcisov and A. V. Ochkin, Zh. Neorg. Khim. 6, 1936 (1961). 
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Several studies have been published in the last two years on the extraction of 
actinides* 2, 4 - 81 , lanthanides ,< 91 technetium and rhenium,* 10, 111 some fission 
products* 1, 12 - 13 > and heavy metals * 141 from nitrate systems by amines. Some work 
has also been devoted to the rdle of nitric acid. In Mason’s laboratory * 11 the extraction 
of nitric acid in the range 2-10 M by a number of primary, secondary and tertiary 
amines has been investigated. The nitric acid in the organic phase in excess of that 
equivalent to the amine concentration was found to be proportional to the con¬ 
centration of the acid in the equilibrium aqueous phase for the tertiary amines, but 
a less simple relationship was observed for primary and secondary amines. Carswell 
and Lawrence ,* 31 Bertocci * 21 and Coleman and Horner * 41 provide support for 
the linear relation with tertiary amines, and according to the work at Oak Ridge 
the linear relationship appears to hold for all amines, including primary and 
secondary ones .* 41 Thus, the concentration of extracted nitnc acid can be related 
to the concentrations of amine and aqueous acid by the expression 
(HN0 3 exctM ) org /(Amme) ors (HNO J ) i(1 = a 

where (HNOwJ is the organic nitric acid concentration above the stoichiometric 
ratio 1:1 with the amine. The available results fit this relationship with values of 
a between 0-16-018 for tertiary, 010-0-14 for secondary and 0-06-0-11 for primary 
amines. We have found that Amberlite LA-1, a secondary amine, follows the above 
relationship in the range between 3 and 12 M nitric acid in the initial aqueous solution, 
the constant a having a value of 0-13-0-14. Although this relationship is valid for 
a wide range of acid loadings and amine concentrations it cannot be interpreted as 
the mechanism of the reaction, and represents only an empirical relationship 
Shevchenko et al * 6 > have studied the extraction of nitric acid by trioctylamine, and 
propose as the extraction mechanism complex formation between the amine nitrate 
and excess nitric acid according to the reaction 

(TOA HN03) 0 +H;+(NC>3-), - [(TOA HNOj) HN0 3 ] 0 
The calculated equilibrium constants have values of K = 0-09 and 0-13 for the 
diluents carbon tetrachloride and xylene respectively. K showed satisfactory con¬ 
stancy in the range of 1-5 M aqueous nitric acid, but was measured for only one 

< 8) W. E. Keder, J. C. Sheppard and A. S. Wilson, J . Inorg. Nucl. Chem. 12, 327 (1960), 
J. C. Sheppard, Report HW-51958 (1957); A, S. Wilson and W. E. Keder, Report 
HW-62908 (1959); A. S. Wilson, Report HW-68207 (1961); W. E. Keder, J L. Ryan 
and A. S. Wilson, J. Inorg. Nucl Chem. In press; F. Ichikawa and S Uruno, Bull 
Chem . Soc . Japan, 33, 569 (1960); C J. Hardy, D. Scargill and J. M. Fletcher, 
J . Inorg. Nucl. Chem. 7, 257 (1958); K. B. Brothers, C. F. Coleman, D. J Crousf, 
J. V. Denis and J. G Moore, J. Inorg Nucl. Chem. 7, 85 (1958); H. G. Petrow, Report 
TID-6357 (1960); F. R. Bruce, R. E. Blanco and J. C. Bresee, Report CF-58-11-91 
(1959); B. Weaver and D. E. Horner, J . Chem. Engng. Data , 5, 260 (1960); M ut 
Trenttnian and A, Chesne, Report CEA-1426 (1960). 

< 91 F. Ichikava, Bull. Chem. Soc. Japan, 34, 183 (1961) 

*■ 101 G. E. Boyd and G V. Larson, J. Phys. Chem 64, 988 (1960); A. S. Kertes and 
A. Beck, J . Chem. Soc . 1926 (1961); A. Beck. Ph.D. Thesis, The Hebrew University. 
Jerusalem (1961). 

* ll > F. L. Culler, Annual Progress Report, ORNL-2993 (1960). 

< I2 > E. A. Mason and C. Vauohen, Report AECU-4239 (1959); Report AECU-4351 (1959) 
* 15) V. B. Shevchenko and V. S. Smidt, Radiokhimija, 3, 121 (1961); W. Knoch and R 
Linder, Z. Elektrochemie, 64,1020(1960); W. Knoch, Z. Naturforschung, 16 a, 525(1961) 
1141 E. A. Mason and R. E. Skavdall, Report TID-11196 (1960). 
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concentration of amine (0-47 M). An unsuccessful attempt was made to fit the 
results obtained in this study to the above reaction; the calculated values of K were 
not satisfactorily constant. In a paper published while this report was being com¬ 
pleted, Zaharov-Narcjsov et al. (1) have interpreted the equilibrium data in the 
system 0-25 M triheptylamine nitrate-aqueous nitric acid (1-3-4 M) by the extraction 
of undissociated nitric acid, and postulated the existence of the species (THAHNO 3 )- 
HNO 3 with a formation constant K — 7-2±0-2. These authors also found that in 
carbon tetrachloride the organic solution of amine or amine nitrate is non-ideal, and 
constant values for K could not be obtained. 

The purpose of this investigation was to ascertain whether the amine nitrate and 
nitric acid interact, and if so to what extent. In addition to a study of equilibrium 
data for the acid distribution, this investigation is devoted particularly to the physico¬ 
chemical behaviour of the loaded organic layer, its viscosity, density and conductivity. 
Similar studies with phosphoric acid esters as extractants 115 - have been successfully 
employed in clarifying the heterogeneous equilibria in these solvent extraction 
processes. 

Amberlite LA-1 was chosen as extractant, since it is one of the few organo- 
nitrogen compounds selected as suitable for process use. (17> 

EXPERIMENTAL 

Materials. Amberlite LA-1* is a secondary amine, with a molecular weight of 416 a s 
determined in a potentiometric titration using perchloric acid.<**) i n the free base form, a s 
supplied by the manufacturer, it is a viscous, amber-coloured liquid, very slightly soluble 
in aqueous solutions (10-20 p.pm) The diluents used were carbon tetrachloride and 
benzene, both of the highest quality, and they were used without further purification. 

Extraction procedure. Equal volumes, usually 5 ml, of the amine solution and the 
aqueous nitric acid solution were mixed in a 15 ml graduated centrifuge tube and shaken 
vigorously mechanically for 15 mm. Certain experiments m which a different technique was 
employed are described later. After equilibration with 0-89 M amine solutions when acid 
solutions of concentration greater than ~ 10 M were used, swelling of the organic phase 
occurred irrespectively of the diluent In these systems, prolonged centrifugation at maximum 
speed was necessary to produce phase separation, m order to enable volume change to be 
measured. As a precaution against changes observed in the organic phase which are described 
later, the samples were treated one after another through all stages of the work, and in 
addition were, m so far as possible, protected from light. Work on each sample took about 
30 min. As preliminary experiments had shown only a slight temperature dependence, 
extractions were performed at room temperature (22-26°C) except where otherwise stated. 
Colour changes, from light to dark brown, were observed on bringing the amine solution 
into contact with the more concentrated nitric acid No attempt was made to investigate 
this phenomenon. 

Analytical procedure Aliquots of the phases were diluted, the organic phase with an 
8.5:1 methanol'.acetone".water mixture, and the acid content determined potentiometrically 

* We are indebted to Messrs. Rohm and Haas Company for kindly providing a free 
sample of the amine. 

<lsl A. S. Kertes ,J. Inorg. Nucl. Chem. 14,104(1960); A. S. Kertes and V. Kertes, Canadian 
J Chem. 38, 612 (1960);/ Appl. Chem 10, 287 (1960); A. S Kertes and M Halpern, 
/. Inorg. Nucl. Chem. 16, 308 (1961) 

, ' 6> A. S. Kertes, A. Beck and Y. Habousha, / Inorg. Nucl. Chem. 21, 108 (1961). 

U7) C. F. Coleman, K. B Brown, J. G Moore and D. J. Crouse, Industr Engng. Chem. 
50, 1756 (1958). 

Ch. Boirie, Bull. Soc. Chim. France , 980, 1088 (1958); J. Bizot and B. Termillon, 
Bull. Soc. Chim. France, 122 (1959). 
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using a Beckman Zeromatic pH-meter. Two endpoints were observed in titrations of amin . 
phases which were in contact with more concentrated nitric acid solutions. Turbidity, which 
| does not interfere with the pH readings, appears just at the point when the excess acid (over 
the stoicheiometric ratio of 111 amine to acid) is neutralized. 

Blank extractions with the diluents alone indicated that appreciable amounts of nitnc 
add are extracted into benzene,< 3 - 19 > particularly at the higher acid concentrations (> 10 M). 
The benzene blank based on the volume percentage of benzene in the organic solution 
determined separately, was therefore subtracted from the total acid in the organic phase! 
The values for organic acid content given m the tables and graphs throughout this work 
are those for extraction by the amine alone. 

Physical chemical measurements. The density, viscosity and conductivity of the homo¬ 
geneous organic layers were measured immediately after separation, according to the 
procedure previously described.» s > 

Measurement of amine nitrate formation constant. The equilibrium constant for the 
acid-base reaction leading to the formation of amine nitrate was studied by converting the 
base into the nitrate, equilibrating the amine nitrate dissolved m the organic phase with 
water, and measuring the hydrogen ion activity in the aqueous phase * 18 - 20 * 

A pure amine salt solution in benzene or carbon tetrachloride was prepared by con¬ 
verting the base to the nitrate form by shaking it with an aqueous nitric acid solution of 
slightly greater acidity, and removing excess acid by three washings with aqueous nitric acid 
solution of slightly lower acidity. The results referred to later in Fig. 5 show that the amine 
nitrate so obtained m the organic phase contained neither free amine base nor free nitric acid. 
A series of dilutions of this amine nitrate stock solution with the appropriate diluent was 
made down to 0-0015 M. Ten ml aliquots of the amine nitrate solutions were equilibrated 
with equal volumes of triply-distilled water, and the hydrogen ion activity of the aqueous 
equilibrium phases was determined by pH measurements using a Cambridge pH-meter to 
an accuracy of 0-01 pH units. 

Degree of agitation and "post-equilibrium ” changes of the loaded organic phases. Allen 
and McDowell* 2 ** have observed that in amine systems the final distribution of the solute 
is not entirely independent of the way in which equilibrium is reached. Following the 
experimental procedure suggested by them, results were obtained for the extraction of 
nitnc add by both vigorous and gentle agitation at 27° ±01°C. The results presented in 
Table 1 show that the organic acid loading varies with contact time and type of agitation 


Table 1.—Distribution of nitric acid at various initial concentrations 
BETWEEN WATER AND 0’45 M AMINE IN CARBON TETRACHLORIDE AS A 
FUNCTION OF TIME AND TYPE OF AGITATION 


Initial 


Slow equilibration 

Violent 

aqueous 

NaOH consumed for 5 ml 




- equilib. 

acid(M) 

of the organic phase 

1 day 

3 days 

7 days 

15 mins 


ml0-259 N NaOH for amine nitrate 

8-75 

8-90 

905 

8-75 

2154 

ml0-259 N NaOH for total acid 

9-70 

9-80 

9-85 

9-80 


[HNO j]o, total organic acid loading 

0-504 

0-508 

0-511 

0-508 


ml 0-259 N NaOH for amine nitra te 

8-75 

8-90 

940 

8-75 

4194 

ml0-259N NaOH for total acid 

11-80 

11-95 

12-55 

12 05 


[HNOsjo, total organic acid loading 

0-613 

0-620 

0-652 

0 633 


ml 0-259 N NaOH for amine nitrate 

8-75 

9-00 

945 

8-75 

6-518 

ml 0-259 N NaOH for total acid 

14-85 

14-95 

15-70 

1515 


[HNOjIo, total organic acid loading 

0-772 

0-776 

0-815 

0-784 


ml 0-259N NaOH for amine nitrate 

8-75 

915 

945 

8-75 

8-527 

ml0-259 N NaOH for total add 

17-40 

17-50 

18-25 

17-80 


[HNOjjfc, total organic add loading 

0-904 

0-908 

0-946 

0-923 


<*»> C. J. Hardy, B. F. Greenfield and D. Scargill, J. Chem. Soc. 90 (1961). 
< 2 °* L. Newman and P. Klotz, J. Phys. Chem. 65, 796 (1961). 

< 2 WtJC. A. Allen and W. J. McDowell, J. Phys. Chem. 64, 877 (1960). 
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m a manner similar to that observed by Allen and McDowell. Furthermore! as our results 
show, the amount of base necessary to neutralize the amine nitrate varies with the time of 
contact of the two phases. In addition, the loaded organic phase, previously separated from 
the aqueous layer, and containing nitric acid in concentrations above the 1 :l stoicheiomctric 
ratio, undergoes changes both in density and viscosity; Fig. 1 shows viscosity measurements 



Flo. 1. —Post-equilibrium changes in the viscosity of the loaded organic phase 
(0-89 M amine equilibrated with 9-24 M nitnc acid solution). 


earned out on ageing solutions. A plot of time of efflux m an Ostwald viscosity pipette is 
given rather than true viscosity values, since difficulties were encountered in density deter¬ 
minations using the usual Sprengel type pycnometer. 

The cause of change in the organic phase has not been determined. Possible causes 
are re-arrangements in the organic phase to yield different final amine-nitric acid species, 
which may be due either to some unknown post-equilibrium aggregation effect 11 - *• 221 or to 
simpler chemical reactions such as oxidation or reduction. Therefore, wc do not feel that 
the anomalous solvent extraction equilibria are entirely due to violence of agitation, as 
suggested by Allen and McDowell < 21 > As additional evidence for this view, we point 
out that neither the time nor the way of mixing was found to be critical in at least two 
different systems using other amines, viz. amine nitrate-cerium nitrate 111 and tertiary 
amine-sulphuric acid. (2J> In any case, this post-equilibrium change, shown in Table 1 and 
Fig. 1, raises considerable doubts concerning the applicability of the equilibrium results for 
aged solutions to an interpretation of extraction mechanism. It was therefore decided that 
rapid extraction equilibria would be simpler to interpret than those performed under changing 
conditions. Consequently, 15 mm of violent shaking was taken as an adequate and con¬ 
venient shaking time for valid equilibrium interpretation. 

U2> K. A. Allen, J. Phys. Chem. 60, 239, 943 (1956); 62, 1119 (1958); /. Amer. Chem. Soc. 

80, 4133 (1958); W. J. McDowell and C. F. Baes,/. Phys. Chem. 62, 777 (1958). 

{ry ‘ J. M. P. J. Vbrstegen and J. A. A. Ketelaar, Trans. Faraday Soc. 57, 1527 (1961). 
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RESULTS AND DISCUSSION 

Physico-chemical properties of the organic layer. The density and viscosity of 
the equilibrated organic phases as a function of the ratio [HNOj]o/[R 2 HN]o are shown 
in Figs. 2 and 3. The curves for carbon tetrachloride diluent (0-89 M amine) each 



Fro. 2.— Density of the equilibrium organic phase as a function of the nitric 
acid:amine ratio in the organic phase. Initial amine concentration 0-89 M. 



Fro. 3.—Viscosity of the equilibrium organic phase as a function of the nitric 
acid;amine ratio in the organic phase. Initial amine concentration 0-89 M 
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show two intersections between straight lines of different slopes. The first intersection 
corresponds to the amount of acid necessary to neutralize the amine in the organic 
phase, producing the amine nitrate, R 2 HNHN0 3 . The second intersection is at a 
ratio of 2 . 1 , indicating that the amine nitrate has interacted with more nitric acid to 
give a molecular addition compound which may be tentatively identified as 
R 2 HNHN0 3 .HN0 3 . The corresponding curves for benzene diluent are only plotted 
to a ratio of about two, since appropriate corrections could not be made for the 
benzene blank. Measurements were carried out also with 045 and 0-25 M amine 
solutions in carbon tetrachloride, but the high diluent content in these solutions 
caused the viscosity and density values to level off.™ A change in reaction mechanism 
is also indicated by the conductivity curves in Fig. 4. Both the amine and the amine 



Fig. 4.—Specific conductance of the equilibrium organic phase as a function of 
the nitric acid:amine ratio in the organic phase. Initial amine concentration 

0-89 M 

nitrate solutions showed no detectable conductivity with the equipment available, 
and the onset of conductivity is believed to be due to formation of a conducting 
species, such as the addition compound tentatively defined above. This suggests 
that the extent of ion-pair dissociation in the organic phase is likely to be important. 
A rough estimate of the acid dissociation as calculated by Walden’s rule ( 7 A/ 6 O), 
shows that it does not exceed five per cent at the highest acid and amine concentrations. 
Partial ionization of tributyl phosphate-nitric acid compounds at the highest nitric 
acid concentrations, found from infra-red absorption data by Tuck, <24 > may be 
indicative of some similarity between the two systems. 

Formation of amine nitrate. The neutralization reaction between amine and nitric 
acid up to a [HN 03 ] 0 /[R 2 HNjo ratio of unity may be represented as 

(R 2 hn) 0 +h:+(no 3 -). s=s (R 2 HNHN0 3 ) o (1) 

where R 2 HN stands for the amine base and R 2 HNHN0 3 for the amine nitrate, and 
the subscripts —a— and — o— indicate the aqueous and organic phases respectively. 

24> D. G. Tuck, J. Chem. Soc. 2783 (1958). 
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The thermodynamic equilibrium constant for this reaction is: 

yAN .[R 2 HNHNQ 3 ] 0 (2) 

1 yA ! tR 2 HN] 0 {H + }.{N 05 }. 

is the activity coefficient of the amine nitrate and y A is that of the amine base 
both in the organic phase; their ratio can be taken as unity, since they refer to low 
concentrations and to species that are relatively alike with respect to the medium 
Under the experimental conditions described, {H + },. the hydrogen ion activity, can 
be taken as equal to the nitrate ion activity {NOj},. and is also numerically equal to 
the concentration of free amine base [R 2 HN] 0 . Assuming ideal immiscibility of the 
phases, [R^HNHNOj^ equals the initial amine nitrate concentration less {H + | a 
Thus, transforming (2) into a logarithmic form, we obtain 

-log ([R 2 HNHN0 3 ] 1 -{H + }J = 3pH+pXi (3) 

A plot of the left-hand expression vs. the pH readings should give a straight line with 
a slope of three and an intercept equal to p K\. Fig. 5 shows such plots, with intercepts 
ACi = 3-8 x 10 s and K\ = 5-4 x 10 s for carbon tetrachloride and benzene media 
respectively. 



Fra. 5.—Plot of Equation (3) for the determination of K\. 


As seen from the plots, the method of calculation obviously fails when the amine 
nitrate concentration exceeds 0 05 M. Since deviations from linearity increase 
gradually with the amine salt concentration in the organic phase, it appears that the 
dons are imposed rather by the inability to determine activity coefficients for 
|§frrganic solutes, than by a change in the mechanism. (20 > 
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Extraction of acid by amine nitrate. The extent of the extraction of nitric acid by 
amine nitrate as a function of its equilibrium aqueous concentration is shown in 
Figs. 6 and 7 for carbon tetrachloride and benzene as diluents, respectively. 



0 4 0 12 


[HNO,] o m 

Fig. 6 .—Equilibrium distribution of nitric acid between water and carbon 
tetrachloride solution of the amine. 



Fig, 7. —Equilibrium distribution of nitric acid between water and benzene 
solution of the amine. 
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It was found that 18 M nitric acid is completely miscible with undiluted amine 
nitrate; this might be taken as evidence for the extraction of associated nitric acid 
molecules rather than ionized nitric acid. Similar observations and interpretations 
were made by Shuler< 25) and by Collopy and co-workers (26) in nitric acid extraction 
by tributyl phosphate. The amine nitrate forms a molecular addition compound 
with associated nitric acid and the amine nitrate-nitric acid species formed may be 
an amine analogue of the tributyl phosphate-nitric acid species TBP.HNO 3 or even 
TBP.(HN 03 > 2 . The comparable shapes of the isotherms for extraction of nitric acid 
by TBP and by amine nitrate emphasise this similarity (compare Figs. 6 and 7 with 
Fig. 2 of reference 25). 

The above reasoning implies the existence of the equilibrium 

(R 2 HNHNOj) 0 +(HN0 3 ). 5 ==^ (R 2 HNHN0 3 .HN0j) o (4) 

with the equilibrium concentration product quotient 

K _ [R 2 HNHN0 3 .HN03] o (5) 

2 [RzHNHNOjUHNOjJ. 

where [HNO 3 ], is the concentration of undissociated, or ion-paired, nitric acid in 
the equilibrium aqueous phase, which can be calculated from the data of Krawetz.< 27 > 
Knowing both the total organic acid concentration and the initial concentration of 
amine in the organic phase, we may write 

[R 2 HNHN0 3 .HN03 ] 0 = [HN03] 0 -[R 2 HN] o 

and 

[R 2 HNHN03 ] 0 = [R 2 HN] o -[R 2 HNHN03.HN0 3 ] 0 = 2[R 2 HN] 0 -[HN0 3 ] 0 
Substituting these values in Equation (5), values for the quotient K 2 have been 
calculated (Table 2). The constancy of the values of K 2 CC> ‘ — 1 -85 and A 2 C * H *~ 2-24 
is considered remarkable in view of the fact that both ionic strength and the media 
change markedly as the aqueous nitric acid content increases, and considering that 
the activity coefficients of the solutes were taken as unity. 

The mass-action equilibrium (4) obviously fails to explain the extraction 
mechanism when the ratio [HN 03 ] o /[R 2 HN ] 0 exceeds two. There are two possible 
ways in which further nitric acid, exceeding the above ratio of two, can be extracted 
into the organic phase. The first is by partition of associated nitric acid between its 
aqueous solution and the amine nitrate-nitric acid complex, and the second by a 
further complex formation reaction leading to the formation of molecular addition 
compounds of the type R 2 HNHN 03 .(HNOj) x> with x > 2. It is not possible at 
present to decide which process is responsible for the phenomenon. This fact is not 
surprising, in view of the widely contradicting interpretations of solute-solvent 
interaction in the more thoroughly studied system tnbutyl phosphate-nitric acid 
(reference 25, and references therein). 

However, since the physico-chemical measurements on the loaded organic phase 
(Figs. 2 and 3) do not indicate any further compound formation beyond 
R 2 HNHN 03 .HN 03 , we believe that nitric acid is extracted by amine nitrate by two 

<«> W. E. Shuler, Report DP-513 (1960). 

,Z6 > T. J. Collopy anckJ. F. Blum,./. Phys. Chem. 64, 1324 (1960); T. J. Collopy and 
J. H. Cavendish, J. Phys. Chem. 64, 1328 (1960). 

,27 > W. J. Hamer (Editor), The Structure of Electrolytic Solutions, p. 43. J. Wiley, New 

York (1959). 
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Table 2.—Calculated equilibrium concentration product quotient for the 
reaction of associated nitric acid with amine nitrate using equation (5) 


HNOj (M) HNOj (M) 

[R 2 HN]o Initial Equil. Equil, [R 2 HN]o Initial Equil. Equil. 

(M) aqueous aqueous org. K 2 (M) aqueous aqueous org. K 2 


Carbon tetrachloride diluent 


215 

120 

0-96 

2-14 

045 

346 

2-88 

0-59 

1-75 

2-90 

1-87 

1-04 

2-18 


4-19 

3-56 

0-63 

1*78 

3-46 

2-36 

1-09 

1-93 


5*16 

4-47 

0-70 

1-72 

419 

2-99 

1*19 

1*88 


6-52 

5-75 

0-77 

1-89 

516 

3-86 

1-31 

1-77 

0-25 

215 

1-88 

0-28 

1-71 

6-52 

5 06 

1-46 

1*82 


2-90 

2-58 

0-31 

1-68 

8-53 

6-88 

1-64 

2-27 


346 

3-12 

0-34 

1-81 

9-24 

7-47 

1-76 

1-81 


4 19 

3-83 

0-37 

1-82 

215 

1-65 

0 51 

1-93 


5-16 

4-76 

0 40 

1-77 

2-90 

2-35 

0 55 

1-90 


6-52 

6-08 

043 

1-76 


Benzene diluent* 


0-89 

2-15 

1-16 

0 99 

3 16 

0 45 

4-19 

3 55 

0-66 

2-18 


2-90 

1 86 

1-06 

2 36 


5-16 

4-44 

0-72 

2-21 


3-46 

2-31 

1 13 

2-30 


6 52 

5-71 

0-79 

2-36 


419 

2-96 

1-23 

2 29 

0 25 

2-15 

1-87 

0 29 

212 


5 16 

3-79 

1 36 

2 24 


2-90 

2 58 

0-32 

2-05 


6-52 

4-99 

1-50 

2 31 


346 

3-12 

0-35 

2-14 


8-53 

6 75 

1-76 

2 31 


4-19 

3-82 

0-38 

2-08 

0 45 

2 15 

1 65 

0 51 

2 20 


5-16 

4-74 

041 

2-12 


2-90 

2 34 

0-56 

2 22 


6-52 

6-06 

045 

2-63 


346 

2-84 

0-60 

2 07 







* Corrected for the solubility of the acid in pure benzene. 


mechanisms only: the first by the equilibrium (4) and the second by physical distribu¬ 
tion without further complex formation. The first mechanism is chiefly operative 
when the amine is equilibrated with aqueous nitric acid solutions up to about 6-5 M, 
and the second one takes place virtually only at the highest acid concentrations. 
Consequently, the equilibrium conditions can be described simultaneously by 
equation (4) and by the distribution constant of associated nitric acid 

„ _ [HN0 3 ] om (6) 

a [HNOJ. 

where [HN0 3 ] OM stands for the amount of associated nitric acid in the organic phase 
which does not enter into compound formation with the amine and [HN0 3 ]„ stands 
for the amount of associated nitric acid in the equilibrium aqueous phase. Assuming 
ideally immiscible phases, we can write 

[R 2 HN] 0 = [R 2 HNHN0 3 ] 0 +[R 2 HNHN0 3 .HN0 3 ] o 
and 

[HN0 3 ] 0 = [R 2 HNHN0 3 ] 0 +2[R 2 HNHN0 3 .HN0 3 ] C +[HN0 3 ] OM 





1428 


A. S. Kbrtes and I, T. Platzner 


Solving Equations (4) and (6) for we finally obtain 

[HNOalp _ [R 2 HN] 0 (1 +2[HNQ 3 ^ 2 ) (7) 

d [HN0 3 ], [HN0 3 J.(l+[HN0 3 ].K 2 ) 

Calculations according to Equation (7) showed that K d is proportional to the amine 
concentration in the diluent, and the distribution constant has a value of 
K d = 010±0 02 for 1 M amine in both the diluents employed. The values computed 
obviously reflect the inaccuracy of A 2 and the non-ideality of the organic phase at 
high acid loadings. Nevertheless, the facts that K d is constant for a given amine 
concentration and proportional to the amine concentration confirm the mechanism 
postulated for the extraction of nitric acid by amine nitrate. 

Acknowledgement —The authors wish to express their appreciation to Dr. Anna Beck for 
her participation in many valuable discussions concerned with this investigation. 
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SYNERGISM IN THE SOLVENT EXTRACTION OF 
DI, TRI AND TETRAVALENT METAL IONS—IU 
ANTISYNERGISM WITH THENOYL TRIFLUORACETONE* 

T. V. HEALYt, D. F. Peppard and G. W. Mason 
A rgonne National Laboratory, Argonne, Illinois 
( Received 26 December 1961; in revised form 19 March 1962) 

Abstract—Greatly enhanced extraction (synergism) of di, tri and tetravalent cations from 
aqueous solution has previously been reported for the system H20/M" + /HTTA/S/diluent, 
where S is a neutral organophosphorus ester and HTTA is thenoyl trifluoracetone. Examples 
are now given where S contains no phosphorus and is an amide, alcohol or ketone. Complete 
destruction of this greatly enhanced extraction by addition of excess S whether the neutral 
additive is a phosphorus ester, an amide, alcohol or ketone is demonstrated. These 
antisynergic effects are shown to be greater than, but the same type as, the effects due to 
some so called inert diluents. 

This phenomenon of antisynergism is shown to be connected with the water content of 
the organic phase and the destruction of the anhydrous synergic species M(TTA)*S y . 
The HTTA thermodynamic activity is lowered and water probably enters the complex. 
Absorptiometnc measurements demonstrate three different spectra for HTTA/TBP in 
non-aqueous solution (a) the enolate form m dry TBP, probably hydrogen bonded to the 
TBP (b) the normal enol form in hexane solution in the presence or absence of low concen¬ 
trations of TBP and water and (c) the ketohydrate form in water equilibrated TBP. 
UOjCITAh or Th(TTA)4 in dry TBP have the HTTA enolate spectra whereas in wet TBP 
the metal/TTA enol spectra obtains, evidence that water helps to destroy the anhydrous 
synergic species, causing antisynergism to occur. 

The enhancement of the extraction of a cation from aqueous solution by a mixture of 
acidic and neutral substances, the extraction being better than by either constituent 
alone was first called synergism by Blake et al.W They used a mixture of an acidic 
dialkyl phosphate and certain neutral organophosphorus esters in the extraction of 
uranium. They also noted that above a certain concentration of ester, synergism no 
longer occurred and, in fact, a decrease in extraction took place. With some phos¬ 
phorus acids no synergism occurred, there being an immediate decrease in the extraction 
in comparison with the acid alone. They considered this to be due to interaction 
between the acid and the ester. Other workers have noted this phenomenon, now 
called antisynergism, and Peppard et alS 2) made use of it in a separation technique. 
The nature of the interaction has been examined*^ and it is considered to be due 
to the formation of an association product between the acid and the neutral esters, 
thereby effectively removing these reagents from the solvent extraction system. 

* Based on work performed under the auspices of the U.S. Atomic Energy Commission, 
t Harwell Exchange Fellow at Argonne National Laboratory. 

(1 * C. A. Blake, C. F. Baes, K. B. Brown, C. F. Coleman and J. C. White, Proceedings of the 
Second International Conference on Peaceful Uses of Atomic Energy, Geneva, 1958, 15/P/ 
1550. United Nations (1958). 

<2> D F. Peppard, G, W. Mason and R. J. Sironen, J. Inorg. Nucl. Chem. 10,117 (1959). 

<3> J. R. Ferraro, D. F. Peppard, J. Phys. Chem. 65, 539 (1961); H. T. Baker and C. F. 
Baes, Report ORNL-2443 (1957); 2486 (1957); 2451 (1957); 2737 (1959). 
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Part 1 of this series* 4 ) describes the very great enhancement of extraction (syner¬ 
gism) for di, tri and tetravalent cations for the system H 20 /M" + /HTTA/S where 
HTTA is thenoyl trifluoracetone and S is a neutral organophosphorus ester. The 
present work shows that large synergistic enhancement of cation extraction may also 
be obtained if S is an amide, an alcohol or a ketone. The species extracted are dis¬ 
cussed in the paper. 

Further addition of S, whether it be phosphorus ester, amide, alcohol or ketone, 
eventually causes the synergistic system to break down and an antisynergism develops. 
On examination, this phenomenon does not appear to work by the same mechanism 
as obtains in the phosphorus acid-phosphorus ester antisynergistic system. In this 
work, antisynergism in the HTTA system is studied both by tracer techniques and by 
absorption spectrophotometry. 

EXPERIMENTAL 

The alpha active nuclides 8 x 10* years 230 Th, l-6xl0 3 year 233 U and the 470 year 
241 Am were all obtained from ANL stocks. The (J-active nuclide 2-6 year 147 Pm was obtained 
from Isotopes Division of the Oak Ridge National Laboratory. All these tracers were 
subjected to further purification cycles using liquid/liquid extraction techniques. The 
method of determining distribution ratios and the solvent extraction techniques employed 
have been previously described.* 4 ) 

Tri-n-octyl phosphine oxide (TOPO) was used without further purification. Tnbutyl 
phosphate (TBP) received from Commercial Solvents Corporation and dibutyl butyl 
phosphonate (DBBP) from the Virginia Carolina Chemical Co., were purified as described 
previously.* 51 HTTA received from the Dow Chemical Co., was recrystallized from benzene 
with a molecular weight of 222 2. N, n-butyl acetanilide (BAA), obtained from the 
Matheson Co. Inc., and N, N-dibutyl acetamide from Eastman Organic Chemicals, were 
used without further purification The alcohols isobutyl, ethyl hexyl and n-decyl were also 
obtained pure from Eastman. 

Absorption spectral measurements were made with a Carey 14 Automatic Recording 
Spectrophotometer using silica cells of 1 cm or 0 1 cm path length. 

RESULTS 

Tracer work on the extraction coefficients of three groups (a) tnvalent Am/Pm 
(b) tetravalent Th and (c) divalent UO 2 from aqueous into hexane/HTTA solutions 
was carried out in the presence of various additives. These added materials varied 
from very small to very large concentrations and caused both a positive synergism and 
antisynergisrn, the extraction coefficients varying over a range as high as 10 8 . The 
additives varied from a number of neutral phosphorus esters, alcohols, ethers, ketone' - 
to so called “inert” diluents, such as benzene or chloroform. The absorption spec¬ 
troscopy of mixtures of HTTA and TBP or TOPO was examined at various concen¬ 
trations in hexane, both dry and water equilibrated, for evidence of interaction 
Uranyl and thorium TTA salts in TBP were also studied spectrophotometrically 

Synergism and antisynergism in Am/Pm tracer studies 

It was reported in Part I of this series* 41 that addition of a neutral organophosphorus 
ester increased the extraction of Am/Pm from aqueous solutions into a HTTA/hexane 
solution by many powers of ten. At a constant acidity and constant HTTA concen¬ 
tration it was shown that the partition coefficient K plotted on log/log paper against 
the neutral additive^gave a line of slope +2. This was true up to a concentration of 

' ,‘ { !j* hljf i 

y. ft EALY > A Inorg. Nucl. Chem. 19, 314 (1961). 

P eppard - W. J. Driscoll, R. J. Sironen and S. McCarty, J. Inorg. Nucl. Chem 4, 
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between 10 “ 1 and 10" 1 molar additive. However, more additive causes the slope of 
the line to decrease gradually, become horizontal and finally turn down in a negative 
slope. Fig. 1 shows this behaviour in the system H 2 0/Am/Pm/HTTA/DBBP/hexane. 



Fio. 1.—Synergism and antisynergism with trivalent complexes. 

This starts off with a slope of +2 as in the complex Am(TTA)j(DBBP) 2 for a second 
power dependency of DBBP. The line then curves round and eventually has a 
slope of —4. Also, as reported previously,«>> so called “inert” diluents gave varying K 
values over a range of 10 6 , hexane, carbon tetrachloride, benzene and chloroform in 
that order decreasing the K values obtained in cyclohexane. Fig. 2 shows this effect in 



(6) T. V. Hmaly, J. Inorg. Nucl. Chem. 19, 328 (1961). 
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the substitution of chloroform for cyclohexane using the system H 2 0/Am/Pm/HTTA/ 
TOPO/cyclohexane. A log/log plot of K vs. the molarity of chloroform produces a 



Fig. 3.— HTTA dependency in both synergistic and antisynergistic systems. 
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slope of —4, the same antisynergistic slope that obtains in excess DBBP (see Fig. 1). 
Similarly, substitution of benzene for cyclohexane in the system Am/Pm/HTTA/TBP/ 
cyclohexane also furnishes a slope of —4. It has been previously reported< 4 > that, in 
the synergistic system H20/M3 + /HTTA/TBP there wasapower dependency of 4-3 for 
HTTA and —3 for [H + ]. This work was repeated at both low and high TBP concen¬ 
trations, that is at the middle of the synergistic region and the middle of the anti¬ 
synergistic region. Figs. 3 and 4 show that, in the two regions, the same power 
dependency holds both for HTTA and for [H + ]. 

Synergism had not previously been demonstrated by the two donor solvents, 
ethyl hexyl alcohol (EHA)* and methyl isobutyl ketone (MIK), in combination with 
HTTA. It is now shown on the same basis as for the HTTA/TBP synergism, that both 
these non-phosphorus compounds exhibit a power dependency of plus two for 



Fra. 5.—Ethyl hexyl alcohol and methyl isobutyl ketone as both synergists and 

antisynergists. 

trivalent metals (Fig. 5), indicating the species Am(TTA) 3 (EHA) 2 , Pm(TTA) 3 (EHA) 2 , 
Am(TTA) 3 (MIK) 2 and Pm(TTA) 3 (MIK) 2 . Their synergistic powers do not match those 
of the HTTA/TBP system but nevertheless they increase the partition coefficient up to 
400 times greater than for either HTTA or the neutral reagent alone. Here again, the 
difference between two so called “inert” diluents cyclohexane and benzene is demon¬ 
strated (Fig. 5), a factor of up to 30 in the partition coefficients being observed. The same 
synergism and antisynergism are observed m this series also but because of the 
relatively small effects it is not possible to say with certainty, what the antisynergistic 
slope or dependency is. Other differences from the phosphorus ester systems are (1) 
that greater concentrations of EHA and MIK are required before the synergistic 
effect is really noticeable and (2) the antisynergic effect is not really definite until 
concentrations of greater than 1 molar EHA or MIK are present. 

Synergism and antisynergism in thorium tracer studies 

As reported previously,< 4 > the system H 2 O/TI 1 /HTTA/TBP has a power de¬ 
pendency of plus one for TBP concentration as the species Th(TTA) 4 (TBP)i is 
synergistically extracted into the organic phase. Further increase in the TBP con¬ 
centration above the 10 -2 -10 -1 molar region causes the synergistic extraction system 
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to break down, die power dependency line of slope +1 bend9 down, becomes 
t horizontal and eventually decreases to a constant slope of —2. Fig. 6 demonstrates 



Fig. 6 . —A phosphorus ester, an amide and an alcohol as both synergists and 
antisynergists in Th/HTTA/TBP systems. 


this graphically and also shows similar behaviour for two other synergistic reagents 
which are non-phosphorus containing compounds. Ethyl hexyl alcohol in combination 
with HTTA has been shown in the previous paragraph to exert a synergistic effect on 
the trivalcnt rare earths and actinides This is also true for thorium where Fig. 6 shows 
both the synergistic effect with the extraction of the species Th(TTA) 4 (EHA)i and the 
antisynergistic effect. N, n-butyl acetanilide (BAA) is a donor solvent which one 
would expect to have some extracting properties for metal salts. It is shown here to 
have very good synergistic properties in combination with HTTA (Fig. 6), the extracted 
thorium species being Th(TTA) 4 (BAA)|. Like TBP it exerts both synergistic and 
antisynergistic properties with BAA dependencies also of +1 and — 2 respectively 
Also, on this composite curve in Fig. 6 is shown the effect produced by addition of 
BAA or EHA to the synergistic system H 2 O/TI 1 /HTTA/TBP containing 0 01 molar 
HTTA and 0-01 molar TBP. It is interesting to see that addition of the alcohol EHA 
causes an immediate antisynergistic effect and eventually the extraction is the same as 
that of the antisynergistic part of the EHA curve itself in the system H 2 0/Th/HTTA/ 
EHA which contains no TBP. In this case the initial synergistic effect of the TBP has 
completely disappeared in excess EHA. Addition of BAA to the previous H 2 0/Th 
HTTA/TBP system causes a slight initial rise in the thorium partition coefficient, 
then a gradual fall until the partition line coincides with that of the H 2 0/Th/HTTA/ 
BAA system which has a slope of —2. 




The antisynergistic effect of so called “inert 7 ’ diluents has been commented on in 
the work on the tnvalent metal" series above. This is also true for thorium except that 
the slope of the power dependency of the diluent is changed from —4 to —2. Fig 1 
'illustrates the strong antisynergic effect of chloroform additions. Benzene is not 


shown but has somewhat less of an effect with the same slope of —2. MIK, mesityl 
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oxide And the dibutoxy ether of ethylene glycol, all -have a similar antisynergistic 
effect of slope —2, but only one, MIK, ts shown, because the lines are more or less 
co-incident with each other. BAA and three alcohols, isobutyl, decyl and ethyl hexyl 
have somewhat greater antisynergistic effects, all with slopes of —2. All the above 
effects are illustrated in Fig. 7 as part of a composite whole where the Th/HTTA/TBP 



Fra. 7 —Antisyncrgic effects in Th/HTTA/TBP systems produced by amides, 
alcohols, ketones and “inert” diluents. 



Fro. 8.—Antrsynergic effects in Th/TOPO systems produced by alcohols. 
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synergistic effect is destroyed by different types of solvents and all with a power 
dependency of —2. TOPO is one of the stronger donor solvents, much stronger thn n 
TBP, yet antisynergistic agents like alcohols cause large decreases in the partition 
coefficients. For example, in the system HjO/Th/HTTA/TOPO, both isobutyl 
alcohol and ethyl hexyl alcohol have inverse second power dependencies, and slopes 
of —2 are illustrated in Fig. 8. In an attempt to ascertain if the maximum on the 
synergistio-antisynergistic curve varied with the relative proportion of HTTA to 
neutral additive, two curves were obtained for the system H20/Th/HTTA/EHA, one 
at 0 01 molar and another at 0-08 molar HTTA. Fig. 9 indicates that, although the 



Fig. 9.—Effect of [HTTA] on Th/EHA synergistic and antisynergistic curves. 


system containing the 0-01 molar HTTA had a larger synergistic effect below 0 01 
molar EHA than the other system, the maximum occurred in the same region, in 
both cases. Probably, if a very large HTTA concentration had been used (say 0-5- 
1 molar), there might have been no visible synergistic effect with EHA at all, only an 
antisynergistic effect. 


Synergism and aniisynergism in uranyl (II) tracer studies 

The uranyl/HTTA/S systems exhibit the same synergistic and antisynergistic 
effects as shown by the other elements. The difference is in the amount of 
antisynergism, that is, there is a shift to the right in the maximum of the syn./antisyn 
curves. This is illustrated in the H 2 O/UO 2 /HTTA/TBP system in Fig. 10. The 
synergistic line has a slope of + 1, and the small antisynergistic line has a slope of—2 
similar to the thorium system. Also shown on this graph is the synergistic effect 
produced in the uriinyl system by the BAA dependency of +1. The antisynergistic 
effect of CHCI 3 on the HjjQ/UCVHTTA/TBP system also causes an initial flattening 
out at the top part of the curve, and the overall antisynergistic effect of CHCI 3 is 
thereby mucbfeduced, The final dependency, however, is still the same, namely —2 
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Absorption spectral evidence for water / HTTAjdonor solvent interaction 

It was initially observed that the absorption spectra of solutions of HTTA in dry 
and water saturated organic solvents were somewhat different, the dry solution 
spectra having a peak in the 350-400 mp region when compared with the wetted 



solution. This peak position moved toward longer wave length with increasing HTTA 
concentration. The increasing height of the peak, not surprisingly, did not follow 
Beer’s Law. It was also observed that addition of a donor solvent such as TBP to a 
dry hexane solution of HTTA similarly increased this peak height when compared 
with the initial HTTA solution. In contrast, addition of TBP to an aqueous saturated 
hexane solution of HTTA caused initially an increase followed by a decrease in peak 
height. This rise and fall in peak height with addition of TBP showed a similar 
pattern to the synergism followed by antisynergism exhibited in the extraction of 
metals by HTTA TBP mixtures from aqueous solution. 

The absorption spectral data of HTTA-TBP mixtures were therefore investigated, 
solutions being made up with three different concentrations of HTTA in hexane, 
namely 0*1, 5x 10“ 3 and 5x 10~ 5 M HTTA respectively. In order to be able to 
ascertain the species present, the most dilute solution (5x10" 5 M HTTA) was 
examined first in the spectrophotometer using hexane as the blank solution. These 
dilute HTTA solutions contained various concentrations of TBP, one series being dry 
and the other equilibrated overnight with water. Table 1 gives the spectral peaks, 
humps or shoulders of importance in the various solutions. 

This table shows very clearly that HTTA plus a great excess of TBP in the pre¬ 
sence of water gives a spectrum almost identical with that of HTTA hydrate m aqueous 
solution*?* whereas m the absence of water the spectrum corresponds to the aqueous 
enolate ton.* 7 * Neither of these spectra have been obtained in a non-aqueous solution 


(7) E, L. Zebroski, Report TID-098 (1947). 
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Table 1.—Spectral peaks of HTTA solutions 
(5 X 10 -J M) CONTAINING TBP IN HEXANE 


Aqueous equilibrated solutions Dry solutions 

TBP - 


Molarity 

Wavelength 

Density 

Wavelength 

Density 

(M) 

(mu) 

(1 cm cell) 

(mu) 

(1 cm cell) 

0000 

338 

314 

0-58 h 

0 68 

338 

315 

0-65 h 

0-79 

0001 

338 

315 

0 58 /i 

068 

338 

315 

O-64/i 

0-79 


338 

0-58 A 

338 

0-99 

0 10 

315 

0'64 

250 

0 49 


265 

0-40 sh 




360-320 

0-20 sh 

338 

0-98 

M 

286 

0-44 

250 

0 48 


262 

0-51 



3-6 

288 

262 

0-41 

053 

338 

250 

0-98 

0 48 


HTTA hydrate 

pH 1-3 

Enolate ion 

pH 9 

Aqueous 

292 

0-40 

338 

0-89 

solutions 

266 

0-50 

262 

0-32 


previously, but their correspondence with the two aqueous spectra is perhaps shown 
more clearly in Table 2, where the extinction coefficients of the spectral peaks are 
given. 

Table 2.—Comparison of aqueous and TBP solutions of HTTA 



TBP solutions 

5x10 

-5M HTTA m TBP 

Dry 

Water equilibrated 

Em ----- 19,600 

£790 = 8,200 

£250 = 9,000 

£ 2 62 = 11,000 

Aqueous solutions 

Enolate ion 

HTTA hydrate 

£331 = 17,700 

£292 = 7,940 

£262 = 6,250 

£j 66 = 10,100 


This means that in the absence of water HTTA combines with TBP, the basic 
donor properties of the ester presumably causing hydrogen bonding on to the enolic 
form of the acid HTTA. In the presence of water this bonding is much weaker than 
the keto hydrate formation which destroys the enol bond completely. There is also 
infra-red evidenced to support the formation of TBP-hydrate in the water 

<»>J. R. Ferraro and T. V. Healy, Unpublished work. 
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equilibrated TBP solutions of HTTA, the 1260 cm -1 waveband moving over to 
1270 cm -1 . Both the wetted and dry dilute TBP-HTTA solution spectra are similar 
io those of the pure HTTA in wetted and dry solutions and all have the normal enol 
structure formed in organic solutions of HTTA. 

When the addition of TBP to HTTA solution reaches about 01 molar TBP, the 
spectral evidence (Table 1) shows that the usual enoL spectrum is changing, This 
change is either towards that of the keto hydrate (wet) or enolate (dry) spectra and is 
almost complete at a concentration of 1 molar TBP. In the enolate species the HTTA 
probably forms a complex with TBP, the ester presumably hydrogen bonding on to 
the enolate form of the HTTA. The three HTTA spectra are illustrated in Fig. 11, 



Fro. 11.—Antisyncrgic effect of chloroform with uranyl complexes. 


and the probable species are given below. 
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Addition of TBP to higher concentrations of HTTA in hexane cannot show 
■ directly the three spectral species owing to the very high extinction coefficients of 
HTTA. But these mixtures of TBP-HTTA solutions can be examined spectrally 
using the HTTA solution alone as blank. In this way the increasing height of a peak 
can be plotted against an increasing TBP concentration in a constant molarity HTTA 
solution. The wavelength of the peaks varies with the HTTA concentration and Beer’s 
Law does not apply. This is because the spectrophotometer is really being used 
beyond its capabilities due to the poor transmission of the more concentrated HTTA 
solutions. Table 3 illustrates these points by showing the increasing peak wavelength 
and the small change in peak height (1 cm cells) as the HTTA concentration increases 

Table 3.— Effect of TBP addition on peak height and wavelength of HTTA/HEXANE 


vs. Reference 

Wet solutions Sample solution Dry solutions 

016 = Di 96 <-lO-'MHTTA + M M. TBP 10-'M HTTA-* Z> 39 7 =39 

012 = Z > 38 7 <- 5xlO-3MHTTA + i-l M. TBP 5 x 10~ J M HTTA -+ D it s - 2-2 
-0-35 = D in *-5x 10-5M HTTA +1 1 M. TBP 5 x 10-5M HTTA -*■ D 3W = 0 39 
0-44 = D 2t6 <- 5 x 10-5M HTTA +1 1 M TBP 5 x 10"5M HTTA -» Z> 33 , = 0-98 


As shown above, the presence of TBP in dry HTTA solutions increases the peak 
height at all the HTTA concentrations. Although the peak position has moved 
toward longer wavelength at increased HTTA molarities, this is undoubtedly a 
measure of the production of the enolate species Similarly, the very slight rise and 
fall of this peak height in the water saturated solutions plus the changing wavelength 
must also indicate the competition for the HTTA between TBP and water These 
data are given below, the dry and wet solutions meaning dry hexane and water 
equilibrated hexane solutions respectively. Sample A and reference blank A contain 
(M M HTTA. Similarly B and C contain 5xlO~ 3 M and 5xlO“ 5 M HTTA 
respectively. 

A similar effect to that of TBP on HTTA solutions can be shown by most electron 
donor solvents. For instance, the effect of dry TOPO in dry 01 M HTTA solution 
in hexane is shown by the gradual increase in the peak height at a wavelength of 397 
m n using 0-1 M HTTA in a 1 cm reference cell. In this case, the optical density of 
this peak increases from 0-52 at 0-02 M, 0-95 at 0-04 M, 1 -35 at 0'06 M, 1 -53 at 0 08 
M, 1 -88 at 0-1 M to 5-0 at 0-2 M TOPO. This is a greater effect than that produced by 
the corresponding TBP solution A m Table 4, and indicates that, in dry solution, the 
HTTA-TOPO interaction is much stronger as would be expected from the very 
strong electron donor properties of TOPO as compared with TBP. In aqueous 
equilibrated hexane solutions of HTTA-TOPO, the formation of ketohydrate and 
TOPO hydrate would also be greater than in the case of TBP for the same reason 
The following table gives a few examples of the complexmg of HTTA by a donor 
solvent in the absence of water, and the competition between water and donor solvent 
for HTTA complexmg in the presence of water. The optical density of the 397 m/i 
peak is used to compare the effect of the donor solvents TOPO, TBP, N-butyl 
acetanilide (BAA) and dibutyl acetamide (DBA) on 0-1 molar HTTA in hexane. 





Table 4.—Effect of TBP on spectra of wet and dry HTTA/HEXANE solutions 
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Table 5.—Comparison of HTTA-solvent interaction peaks 


Reference blank is 0T M HTTA/hexane 

Dry solutions 


Water equilibrated/ 
solutions 

D)97 

01M HTTA 

2)397 

1-9 

01M TOPO 

019 

0-80 

01M HTTA 
0-1 M TBP 

0-40 

0-62 

01M HTTA 
0 1 M BAA 

0-62 

0-30 

0-1 M HTTA 
01 M DBA 

0 01 


This peak height gives a measure in the dry solutions of their donor strengths 
and also of their possible synergic effect on the formation of metal/TTA/S complexes 
The peaks in the wet solutions are less reliable but give a measure of the competition 
between donor solvent and water in the formation of ketohydrate. A more reliable 
measure would be the production of a series of absorption spectra from dry and 
aqueous equilibrated hexane solutions of 10 -5 molar HTTA with increasing amounts 
of donor solvents added as illustrated in Table 1 in this way one can assess the amount 
of enolate and ketohydrate which is formed from initial 90-100 per cent enol form of 
HTTA normally found in organic solvents The diluent hexane has been used in all pre¬ 
vious experiments with HTTA-donor solvent. But, by varying the diluent, the HTTA 
solvent interaction peak also varies both in height and in wavelength The diluent in 
which water is least soluble produces the least difference between the HTTA-donor 
solvent interaction peaks when the dry and the aqueous equilibrated solutions are 
compared spectrophotometncally The table below bears this out for the solvents 
cyclohexane (CH), hexane (H), benzene (Bz) and butanol (BuOH). For the donors, 
hexone (MIK), ethyl hexyl alcohol (EHA) and TBP which bring even more water 
into the water equilibrated organic phase the differences are even more striking, due to 
the tendency to enolate formation in dry solutions and ketohydrate in wet solutions 
This order in Table 6 is also the order of increasing antisynergism in the metal/TTA; 
solvent extraction. 

Table 6. —Effect of diluents on HTTA-TBP interaction peak 


0-1 M HTTA +0 1 M TBP —Dry solution is -fve sample in 1 cm cell 

Wet solution is — ve reference in 1 cm cell 



CH 

H 

Bz 

BuOH 

MIK 

EHA 

TBP 

Peak height 

0-2 



0 75 

2 

2 5 

5 

Wavelength (mu) 

396 

397 


397 


399 

398 


Absorption spectral evidence for water j M(TTA ) X /T BP interaction 

The absorption spectra of U 02 (TTA) 2 TBP in benzene or hexane is essentially the 
same as that of UD 2 (TT A ) 2 in these solvents, having two large peaks at 330 and 380 
mp. Tim only difference is above 400 mp where the well defined peaks of the 
yC> 2 (TTA) 2 TBP complex at 426, 440 and 454 mp are missing from the U 02 (TTA); 
Jlgjlgtmm. These spectra are also very similar in the presence of slight excess TBP 
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and/or in the presence of an aqueous phase. By dissolving a small quantity of the 
solid U02(TTA) 2 complex in dry liquid TBP, a new spectrum is formed with peaks at 
256 and 336 mp. This is essentially the spectrum of HTTA dissolved in dry TBP plus 
a smaller amount of the spectrum of U0 2 (TTA) 2 TBP in a ratio of about 2:1 (Fig. 12). 
On saturating this TBP solution of U0 2 (TTA) 2 with water, the spectrum is changed 
back to that of UOzCTTA^ with peaks at 330 and 377 m/i (Fig. 12). The pronounced 

5 « I0' 4 M HTTA I cm call 
A Dry HTTA In TBP « dry TBP 



Fig. 12. —Absorption spectra of HTTA in organic solution, (A) enolate 
(B) ketohydrate and (C) enol. 

peaks above 400 m/u of U0 2 (TTA) 2 TBP are absent. The sequence above indicates 
that addition of a little TBP to U0 2 (TTA)2 forms the U0 2 (TTA) 2 TBP complex. 
Addition of (1) great excess dry TBP breaks it down to form a HTTA-TBP complex 
and (2) great excess wet TBP breaks it down to form U0 2 (TTA) 2 which may or may 
not have a hydrate attached The following table gives the extinction coefficient 
obtained in this senes. 

The spectra of Th(TTA )4 and Th(TTA) 4 TBP in benzene are practically the same. 
Both have one large peak at 350 m/i with an extinction coefficient of about 85,000. It 
was expected that solutions of Th(TTA) 4 in wet and dry TBP would behave similarly 
to the uranium salts and give different spectra Actually they gave somewhat similar 
spectra, asboth gave a large peak of Eabout 80,000. The wavelengths of the peaks differed 
by about 10 m/i The peak was at 349 for the spectrum of Th(TTA) 4 in water saturated 
TBP indicating it was practically identical with the Th(TTA) 4 and the Th(TTA) 4 TBP 
spectra. By analogy with the uranium species it was probably a Th(TTA )4 hydrate 
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Table 7.— Extinction coefficients of UCbCTTAb complexes 


UOzOTTAh in benzene 

— 

£338 

26,400 

£3*4 

21,200 

— 

— 

— 

U 02 (TTA) 2 TBP in benzene 

— 

£332 

27,500 

£310 

22,000 

£430 

1,450 

£444 

950 

£431 

500 

U02(TTA)2 m water sat’d TBP 

— 

£330 

25,000 

£377 

21,000 

— 

— 

— 

UOj(TTAh in dry TBP 

Eisi 

16,000 

£336 

33,000 

— 

£422 

550 

£435 

400 

£449 

200 

HTTA in dry TBP 

£262 

6,250 

£338 

17,700 

— 

— 

— 

— 


spectra in hydrated TBP. The Th(TTA) 4 spectrum in dry TBP had a peak at 340 mp 
which is essentially that of HTTA dissolved in dry TBP indicating that the excess dry 
TBP had broken down the thorium complex liberating the HTTA which then 
complexed with the dry TBP. Again this behaviour is analogous to that of U0 2 (TTA) 2 
when dissolved in dry TBP. 

DISCUSSION 

Synergism not confined to HTTA plus phosphorus esters 

Synergism m metal extraction by HTTA plus phosphorus esters has been 
demonstrated previously.* 4 ) It is shown m this paper that phosphorus esters can be 
replaced by ketones, alcohols, and amides, and it should be mentioned that HTTA 
plus sulphoxides or plus amines also exhibits synergism. Two obvious alternatives to 
HTTA, namely 8-hydroxy quinolin and cupferron, both exhibited somewhat limited 
synergism with TBP. Several alcohols plus HTTA exhibit synergism with di, tn and 
tetravalent metal species. Among the stronger alcohols in this respect are n-decyl 
alcohol and ethyl hexyl alcohol (EHA). Species apparent from tracer work (Figs 
5 and 9) are Th(TTA) 4 EHA, Am(TTA) 3 (EHA) 2 and Pm(TTA) 3 (EHA) 2 . 

As an example of this synergism, addition of about 2 per cent of ethyl hexyl alcohol 
to a solution of 015 molar HTTA in cyclohexane increases the partition coefficient of 
Am or Pm by a factor of 200 to 300. The fact that these alcohols and also ketones 
plus HTTA exhibit this phenomenon of synergism shows that it is not confined to 
strong electron donor solvents. Two of the stronger donor ketones are methyl isobutyl 
(MIK) and methyl isopropyl ketone, the species extracted by MIK being Am(TTA), 
(MIK)j and Pm(TTA) 3 (MIK) 2 . It has been reported in the literature*^ that extraction 
of metals with HTTA is greater if hexone (MIK) rather than benzene is used as the 
solvent, but no reason was given for this It is now seen that gradual replacement of 
benzene by MIK solution causes a rise in the partition coefficient of the metal as the 
M(TTA) jr (MIK), species is formed. Eventually, the partition coefficient decreases 
again by a relatively small amount as benzene is completely substituted by the MIK 
N-butyl acetanilide (BAA) plus HTTA together have a large synergistic effect on the 
extraction of thorium from aqueous solution, increases of greater than 10 4 being 
obtained (Fig. 6). The species extracted was found, from this tracer work, to be 

t»> J. R. Thomas, H. W. Crandall, T. E. Hicks, B. Rubin and J. Saldick, Report KLX-44 
, t iljj$fl949); T. Kiba and S. Mizukami, BulL Chem. Soc. Japan, 31, 1007 (1958). 
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Th(TTA) 4 BAA. Other species found from tracer and macro work were U02(TTA>2 
BAA and Nd(TTA) 3 (BAA) 2 . Ultra-voilet and visible absorption spectral data to be 
reported elsewhere 110 ' also confirm the formulae for these species. 

Antisynergism 

Antisynergism was first reported as a phenomenori by Blake et alS x) and later for 
separation procedures by Peppard etal.w m the organophosphorus acid-phosphorus 
ester series. In both cases 131 antisynergism, that is the reverse of synergism, was 
considered to be due to interaction between the synergistic agents—acid plus ester. 
On adding TBP in excess to a f^O/metal/HTTA/TBP synergistic system, the system 
breaks down, the partition coefficient decreases and the phenomenon of antisynergism 
occurs. At first, it was thought that this antisynergism was likewise due to interaction 
between the acid (HTTA) and the ester (TBP) to form an association product. An 
examination of the power dependencies of the metal extractions on TBP or other 
similar phosphorus ester (S) for the systems H 2 0/Th/HTTA/S indicated a positive 
synergistic power dependency for S of 4-1 followed by a negative antisynergistic 
power dependency for S of—2 due to excess of S. The same +1 and — 2 dependencies 
were found when the amide BAA and the alcohol EH A were used instead of S. It was 
also remarkable that if either EHA or BAA were gradually added to the fixed 
synergistic system H 2 O/Th/0 01 M HTTA/0-01 M TBP, anti synergism was found to 
occur (See Fig. 6). These lines, also of slope —2 eventually became coincident with 
the antisynergistic part of the H 2 O/Th/0-01 M HTTA/BAA or EHA systems. It was 
also found (Fig. 7) that other alcohols, amides, ketones and ethers all produced the 
same antisynergistic slope of —2 when added to the system H 2 0/Th/0-01 M HTTA/ 
001 M TBP/hexane Furthermore, so called inert diluents such as benzene or 
chloroform on addition to this system also produced antisynergistic slopes of —2. It 
appeared from all these data that antisynergism in the case of thorium could hardly be 
due to direct interaction of the HTTA with either the TBP or the other donor or non¬ 
donor solvents. Experiments substituting Am or Pm for thorium in similar systems 
showed exactly the same results except for the fact that m all cases the synergistic power 
dependency slope was +2 with a corresponding antisynergistic dependency of —4. It 
should also be noted that, in both the synergistic and antisynergistic regions, the 
tnvalent elements had the usual power dependency of 4 3 for the HTTA and —3 for 
the hydrogen ion dependency. The following table summarizes the synergistic and 
antisynergistic power dependencies of UO 2 , Th, Am and Pm systems for both donor 
and non-donor solvents at constant HTTA and hydrogen ion concentration. 


Table 8.—Synergism and antisynergism power dependencies 



Synergism due to phosphorus 
esters, amides, alcohols and 
ketones 

Anusynergism due to phos¬ 
phorus esters, amides, alco¬ 
hols, ketones and inert 
diluents 

Th 

+ 1 

-2 

Am, Pm 

+2 

-4 

U0 2 

+ 1 

-2 


<l0) T. V. Hbaly and J. Ferraro, Unpublished work 
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>-* It'appears that the only common constituents in the organic phases of these 
systems is HTTA and the water content Different donor solvents give the same 
positive and negative power dependencies while different so called inert diluents give 
similar negative power dependencies. Also the HTTA and hydrogen ion dependencies 
are consistently as expected both in the synergistic and antisynergistic regions. This 
fact indicates that, throughout the system, the M(TTA) X is an integral part of the 
extracted species, x being the valency of M. One is led therefore to the assumption 
that water in the organic phase has an appreciable effect on the breakdown of the 
anhydrous synergistic complex MfTTA)^. 

Spectrophotometric evidence to support this is shown first in the HTTA-TBP 
system and then in the M/HTTA/TBP system. The absorption spectra of dilute HTTA 
solutions m hexane whether in the presence or absence of an aqueous phase is very 
similar to the same solutions also containing small amounts of TBP. These spectra are 
of the usual enolic form of HTTA in organic solvents. These are also the concentra¬ 
tions used in obtaining synergistic extraction of metals from aqueous solution by 
HTTA/TBP solutions. However, if a great excess of TBP is added to HTTA m the 
presence of an aqueous phase i.e. under conditions where antisynergistic extraction of 
metals occurs, the spectrum is changed to that of HTTA ketohydrate. There is also 
infra-red evidence of reformation of TBP hydrate and of a shift m the carbonyl peaks < 8 > 
On addition of TBP in increasing quantities to a fixed concentration of HTTA in the 
absence of water the carbonyl infrared absorption peak at 1600 cm" 1 shifts gradually 
to 1650 cm -1 . The same TBP addition to HTTA in the presence of D 2 0 shows 
initially a shift of the 1600 cm 1 peak to 1650 cm -1 but further TBP addition appears 
to shift the peak back towards 1600 cm _, <8) This provides further evidence for the 
initial HTTA-TBP complexing in the presence and absence of water, followed by the 
breakdown of the complex on further addition of water saturated TBP. Great excess of 
TBP plus HTTA, in the absence of water, forms a completely different ultra-violet 
absorption spectrum, namely one similar to that of the enolate ion seen in aqueous 
alkaline solution. The gradual increase m peak height of the spectrum as more dry 
TBP is added to HTTA is a measure of formation of the HTTA-TBP complex 
However addition of TBP to HTTA in the presence of an aqueous phase shows the 
peak height (Table 4) rising through a maximum which corresponds approximately to 
the synergism and antisynergism concentration regions in the metal/HTTA/TBP 
systems. 

An examination of the absorption spectra of organic solutions of U02(TIA)2 
and U0 2 (TTA) 2 TBP in the presence or absence of an aqueous phase shows them to be 
essentially the same except for the well defined peaks of the latter complex at wave¬ 
length of > 400 m/i. Dissolution of either complex in dry TBP furnishes essentially 
the spectra of dry HTTA in dry TBP, that is the uranyl complex is broken down and 
the liberated HTT A is hydrogen bonded to the dry TBP. In the presence of an aqueous 
phase the spectrum is different—it is that of U0 2 (TTA) 2 . This tends to show directly 
the competition of water with TBP. In the presence of an aqueous phase, addition of 
TBP to U0 2 (TTA) 2 in hexane, produces the U02(TTA) 2 TBP complex. Further 
addition of excess TBP causes this complex to be broken down back to U0 2 (TTA) 2 
This would also explain the synergism followed by the antisynergism exhibited in the 
extraction of uranium in this system. Thorium is shown to behave similarly, forming 
initially the synergistic Th(TTA) 4 TBP and then, with antisynergism, returning to 
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Th(TTA) 4 - Confirmatory evidence for this TBP/water competition in the metal/TTA 
complex system is obtained from infra-red studies.* 8 * It was observed that addition of 
dry TBP to solid U02(TTA) 2 gives an infra-red spectrum (in the 1600 cm ~ 1 region) 
similar to that obtained for solid U02(TTA>2TBP. Two equally intense peaks are 
obtained at 1622 and 1595 cm -1 . However, on contacting a dilute solution of 
U 02 (TTA) 2 in TBP with D 2 0, the higher frequency peak becomes a small shoulder 



Fig 13 —Effect of water on absorption spectra of U02(TTA>2 in TBP 


relative to the main peak at 1595 cm' 1 , indicating a shift to the U 02 (TTA ) 2 spectrum 
obtained in wet solution Similar results were obtained when the Th(TTA ) 4 was 
dissolved in excess TBP both dry and wet Karl Fischer water content measurements 
have shown' 10 * that as one adds Th, U0 2 or Nd to HTTA/TBP mixtures in hexane 
the water content of the phase gradually decreases until at the stoichiometric quantity 
of metal to HTTA and TBP the hexane solution is practically free of water Addition 
of excess TBP causes the water content of the hexane phase to rise again 

It is interesting to see that the order of bringing about antisynergism in the solvents 
used is also the same order as the solubility of water in these solvents For example, 
cyclohexane, which has the poorest antisynergistic effect and lowest water solubility 
(0 04 g H 2 O per litre) is followed by hexane (0 07 g/1.), CCI 4 (0-15 g/1.), benzene 
( 0-6 g/ 1 ), CHClj (1-5 g/1.), dibutyl carbitol (14 g/1), M1K (19 g/1), decanol (24 g/1.), 
2-ethylhexanol (26 g/I) and TBP (60 gHiO per litre) While the mechanism of forma¬ 
tion of the synergistic complexes M(TTA) X S V is relatively well understood through the 
reaction: 


M _r+ -f-.\TTA e + >S-*M(TTA C )^, 

K[M(TTA e ),S;i 

and the equilibrium [TTA e ] A [S] r =-[M* + ] 
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it appears difficult to interpret the mechanism of antisynergism as enough is not known 
about it. Addition of more donor solvent will simply cause an increase in the activity 
of [S] and so the only way to cause antisynergism must be by decreasing the [TTAJ 
activity. The subscript e for [TTA] means the enol form as distinct from the 
ketohydrate or enolate forms. 

It has been shown that the HTTA-TBP interaction in the absence of water gives 
the HTTA enolate structure and this is clearly not involved in the antisynergism. It is 
also likely that the formation of the ketohydrate structure (TTAJ is involved. This 
structure probably contains attached water but in any case it is very much influenced 
by the presence of water; it may or may not contain S. Formation of a metal/TTA 
complex containing a hydrate would be expected to give lower partition coefficients 
because the normal coordination energy of the hydrate water with other water is lost 
on extraction; the complex is also more hydrophillic. On the other hand, while one 
possibility is formation of a M(TTA)_ t S > (H 2 0) this species would have to be 
formed at the same aqueous activity as the anhydrous M(TTA) x Sj, and this seems 
less likely. 

Antisyncrgism caused by addition of another donor solvent to a M(TTA) Jt S,, 
synergistic system such as addition of methyl isobutyl ketone to Pm(TTA) 3 (TBP) 2 
can also be similarly attributed to the lowering of the HTTA activity [TTA.] and the 
formation of [TTAJ. Ultra-violet evidence also indicates that changing from one 
“inert” diluent to another, also causes [TTA.]-[TTAJ differences, that is changes in 
the [TTA.] activity. The reduction of [TTA e ] activity is obviously bound up with the 
organic water content and water is necessary for formation of the [TTAJ species. 
Versatility of the synergistic-antisynergistic phenomena m metal or group separations 

In view of the difference in complexes formed in the synergistic extraction of 
metals, use could be made of these properties in the separation of metallic species 
For example, the rare earths Eu, Pm, with complexes such as Eu(TTA) 3 (TBP) 2 form 
different complexes from other rare earths such as thulium which forms a complex 
Tm(TTA) 3 TBP. Similarly, separations could be made of certain species by taking 
advantage of different antisynergistic properties of either the donor or non-donor 
antisynergists. Altogether, the available scope for variations m extraction procedures 
opened up by the synergistic and antisynergistic phenomena offers many possibilities 
for separation techniques and for methods of analysis. 
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SYNERGISM IN THE SOLVENT EXTRACTION OF 
DI, TRI AND TETRAVALENT METAL IONS—IV 
absorption spectral studies of the synergistic complexes* 

T. V. HEALYt and J. R. Ferraro* 

(Received 17 January 1962) 

Abstract—In previous work with radioactive tracers in this series, formulae have been 
assigned to the metal complexes synergistically extracted from aqueous solution by an 
organic phase containing thenoyl trifluoracetone (HTTA) and neutral organophosphorous 
compounds. Stable solid complexes have now been isolated and are shown to have the same 
formulae. These formulae have been confirmed by ultra-violet and visible absorption 
spectrophotometric measurements of dilute solutions of uranyl, thorium and neodymium 
complexes. 

In earlier work in this senes,0> formulae were derived for the metal species 
synergistically extracted from aqueous solution into organic phases containing thenoyl 
tnfluoracetone (HTTA) and neutral organophosphorous esters (S). This enhanced 
synergic effect has been defined as a definite enhancement of metal extraction by 
a mixture of an acid and a neutral additive, the resulting mixture giving a better metal 
extraction than either the acid or the neutral additive alone. Among the formulae 
suggested for the extracted species on the basis of radioactive tracer work were 
U02(TTA) 2 Si, U0 2 (TTA)2S3, Th(TTA) 4 Sj, and Pm(TTA) 3 S 2 . A number of crystal¬ 
line solid complexes have now been isolated in the uranyl and thorium series and 
these have been examined both analytically and by absorption spectrophotometry. 
The rare earth complexes that were prepared remained as oils and did not solidify. 
Absorption spectral measurements were carried out in the systems H 2 0/M" + /HTTA/S 
and it was found that by keeping all constituents constant except HTTA or except S 
a maximum spectral peak height could be obtained. This enabled formulae for the 
extracted species to be ascertained at concentrations much greater than those used in 
tracer work. The studies indicated that the same formulae for the species were found 
at tracer levels, at millimolar levels and in the solids or oils. In this work, S was 
usually a neutral organophosphorous ester as m the tracer studies. 0 • 2> N.n.butyl 
acetanilide (BAA), shown to give large synergic effects in combination with HTTA< 3> , 
was also used in these studies. 

Isolation and properties of metal/ TTA/S synergic complexes 
Uranyl complexes 

Two volumes of an aqueous solution of 0-025 molar uranyl nitrate were added to 
one volume of a hexane solution of 0-10 molar HTTA and 0-05 molar neutral 
organophosphorous ester. The mixture was shaken vigorously for about 20 min, 

* Based on work performed under the auspices of the United States Atomic Energy 
Commission. 

t Harwell Exchange Fellow at Argonne National Laboratory. 

t Argonne National Laboratory. 

(1> T. V. Healy, Part I of this series, J. Inorg. Nucl. Chem. 19, 321 (1961). 

(2) T. V. Healy, Part II of this series, J. Inorg. Nucl. Chem. 19,328 (1961). 

01 T. V. Healy, Part III of this series, /. Inorg. Nucl. Chem. 24, 1429 (1962). 
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the aqueous phase removed and the hexane solution allowed to evaporate. Yellow 
microcrystalline material gradually settled out during the evaporation. When about 
nine-tenths of the hexane had evaporated the precipitate was filtered off, washed with 
a little water and a little hexane. Further purification was brought about by re- 
crystallization from one of many organic solvents, such as hexane, cyclohexane or 
benzene. In this way, solid crystalline components of the formula U0 2 (TTA) 2 S were 
obtained, where S is TBP, TOPO or BAA. U0 2 (TTA) 2 (TOPO) 3 was also isolated 
as a solid by using three to four times the usual concentration of TOPO. 

Thorium complexes 

These salts were obtained in a manner similar to the above uranyl complexes 
except that the reagent mole ratio for Th:HTTA:S was 1:4:1. Cream coloured solids 
were obtained in these thorium salts where S is TBP, TOPO, or BAA and the general 
formula is Th(TTA) 4 S. 

Neodymium complexes 

These were also obtained similarly using the reagent ratio for Nd:HTTA Sof 
1:3:2. It was found necessary to raise the pH of the aqueous phase in order to effect 
complete extraction of Nd into the organic phase. Complexes made with TOPO and 
BAA were oils at room temperatures. 

All the metallic solid complexes isolated were anhydrous. The simple compounds 
M(TTA)„ where x is the valency of the metal, can be made in exactly the same 
manner as the M/TTA/S complexes, the only difference being that S is omitted from 
the preparation. Alternatively, they can be made by the same methods used for 
preparing the corresponding acetylacetonates* 4 *. Table 1 gives the complexes prepared 
their melting points and analytical data 


Table 1.—Data on metal/tta/s complexes 


Complex 

M.P. (°C) 


Analysis 


Theory 
Metal (%) 

P(%) 

Metal (%) 

Experimental 

P(%) 

UOzfTTAh 

212 

— 

— 

— 

— 

U0 2 (TTA) 2 TBP 

112 

24 3 

3 17 

23-8 

2 7 

U0 2 (TTA) 2 T0P0 

57 

— 

— 

— 

— 

U0 2 (TTA) 2 (T0P0) 3 

37 

— 

— 

— 

— 

U0 2 (TTA) 2 BAA 

107 

— 

— 

— 

— 

ThfTTAh 

226 

— 

— 

— 

— 

Th(TTA) 4 TBP 

178 

16 7 

2 26 

16 6 

2-3 

Th(TTA) 4 TOPO 

110 

15 5 

2-07 

160 

1-9 

Th(TTA) 4 BAA 

Oil 

— 

— 

— 

— 

Nd(TTA) 3 

155-165 

— 

— 

— 

— 

Nd(TTA) 3 (TOPO) 2 

Oil 

-- 

— 

— 

— 

Nd(TT A) 3 (B A A) 2 

Oil 

— 

— 

— 

— 


It can be seen from the above table that introduction of a mole of TBP into a 
metal/TTA complex lowers the melting point about 50°C, while introduction of a mole 
ofTOPO lowers it about 100°C The formation of U0 2 (TTA) 2 (TOPO)3 is demonstrated 
by lowering of the mixed melting point, by tracer studies* 2 * and by infra-red studies* 5 * 

u * W. C. Fernelilts, Editor, Organic Syntheses Vol 2, p. 15 McGraw Hill, New York (1946) 
(5 > J. R. Ferraro and T. V. Healy, Part V of this series. /. Inorg. Nucl. Chem. 24, 1461 
(1962). 
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UOjj(TTA)B itself, which is anhydrous, has the same m,p, as that given in the 
literature* 6 ! (212°C). ' 

Analyses for uranium and thorium were carried out by standard methods after 
the metal was washed out of the benzene solution of the complex by strong aqueous 
acid. Phosphorus was estimated also by standard methods after evaporation of the 
metal-free organic solvent. 

VISIBLE AND ULTRA-VIOLET SPECTRAL RESULTS 
A Cary 14 automatic recording spectrophotometer was used throughout this work. 
Uranyl solid complexes 

The absorption spectra of U02(TTA) 2 in organic solvents, such as benzene, are 
well known in the literature.* 6 * Two peaks are observed at about 330 and 380 mp, 
the first being somewhat more intense than the second. The absorption spectra of the 
complexes U0 2 (TTA) 2 TBPand (J02(TTA) 2 T0P0 in benzene are reproduced in Fig. 1 
and are almost identical with that of U0 2 (TTA) 2 in the same solvent. In Fig. 1, the 
spectrum of U0 2 (TTA) 2 TBP m normal hexane is shown, which is also very similar. 



Fio. 1.—Absorption spectra of solid uranyl complexes dissolved in organic 

diluents. 

The big difference between the spectra of U02(TTA) 2 TBP m benzene and hexane is at 
the wavelength above 400 mp. There are well defined peaks at 427, 441 and 456 mp in 
hexane whereas, in benzene, these are only humps in the spectra, and are practically 
invisible in U0 2 (TTA) 2 alone. This point is illustrated at the right hand side of Fig. 1 

(6) E. L. Zebroski, T.I.D. 1098 (1947). 
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where the heights of the spectra are increased by a factor of ten compared with the 
left hand side. These peaks beyond 400 mp are characteristic of the uranyl grouping 
and are present in both aqueous and organic solutions of uranyl nitrate. However 
the extinction coefficient in the UOjCTTA^TBP complex at 426 mp is more rtm n a ’ 
hundred times greater than it is in most other uranyl salts. The only other relatively high 
uranyl extinction coefficient is that of the trinitratouranyl nitrate, but even those peak 
heights are less than one tenth the height of those in the M/TTA/TBP complexes. 
These high extinction coefficients at above 400 mp no doubt account for the increase in 
intensity of the yellow colour of U 02 (TTA )2 solutions upon addition of the synergic 
agent TBP. Because of these more clearly defined spectra m hexane at above 400 mp 
compared with benzene, much of the subsequent ultra-violet work was done using 
hexane as the organic medium. Although U02(TTA)2 is very soluble in benzene, 
it is almost insoluble in dry hexane. Addition of water to a hexane suspension of 
U 02 (TTA) 2 changes the spectrum of the hexane solution, the spectrum obtained 
being the normal “enol” spectrum of HTTA. This indicates hydrolysis of the U0 2 
(TTA )2 in wet hexane, a phenomenon which does not occur in wet benzene. Extinction 
coefficients (E) for the uranyl complexes are listed in Table 2. 


Table 2.—Extinction coefficients of ultra-violet peaks in the uranyl complexes 


Complex 

Peak 

(mp) 

E 

Peak 

(mp) 

E 

Peak 

(mp) 

E 

Peak 

(mp) 

E 

Peak 

(mp) 

E 

UOjOTAh 
in benzene 

338 

26,400 

384 

21,200 







UOjCTTAIjTBP 
in benzene 

332 

27,500 

380 

22,000 

430 

1,450 

444 

950 

458 

500 

UOjCTTAIjTOPO 
in benzene 

330 

27,000 

377 

24,000 

427 

1,400 

441 

950 

454 

500 

UOj(TTA) 2 TBP 
in hexane 

328 

26,000 

375 

21,000 

427 

1,350 

441 

950 

456 

550 


Uranyl complexes extracted into the organic phase 

The above spectra were obtained from the dissolved crystalline compounds of 
known composition. In extremely dilute solutions, that is, solutions of uranyl salts 
of < 10~ 5 molar, the composition was found by tracer work to be the same, namely, 
U02CTTA) 2 Si where S is a neutral additive such as TBP, DBBP or TOPO. Two 
species were, however, obtained using the last additive, TOPO, namely U0 2 (TTA)2 
(TOPO)j and U02(TTA)2(T0P0)3. An attempt was made, using absorption spectra, 
to ascertain the formulae of the species in dilute organic solutions of uranium (10 —3 
molar) by using 10 -3 to 10 -1 molar HTTA. Owing to the very high extinction 
coefficients of HTTA and its salts, it proved impossible to compare solution spectra 
using a diluent such as hexane as a reference in the spectrophotometer. Hexane 
solutions were therefore made up of known concentrations of HTTA and TBP, and 
divided into two equal portions, one to be shaken with an aqueous uranium solution 
asd the other with a similar aqueous solution containing no uranium. After 
equilibrium, the organic phase which had extracted the uranium would be compared 
qjtectrophotometrically with the other half of the HTTA-TBP mixtures as a reference 
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In this way, absorption spectra could be obtained using HTTA as high as 0*2 molar 
in solution. In order to find the ratio of U to HTTA or to TBP in the extracted 
species, two of these would be kept constant, of which one would be present in exons. 
The third constituent is then gradually increased in concentration until a maximum 
is obtained in an absorption peak. In all these experiments, uranium was kept 
constant at 10“ 3 molar. By keeping excess TBP in solution and varying HTTA it was 
observed that the spectral peaks rose to a maximum at a HTTA concentration of 
2x 10“ 3 molar indicating that there were 2 TTA moles per uranyl mole in the species 
UC> 2 (TTA) 2 TBP. These spectra are illustrated in Fig. 2. In these experiments, the 



Fig. 2.—Effect of added HTTA or absorption spectral peak heights below 
400 m/i in the UO 2 /HTTA/TBP system. 

uranium was increasingly extracted out of the aqueous phase as the H IT A concen¬ 
tration of the organic phase increased. In a similar manner, using 10 “ 3 molar aqueous 
uranium plus an excess of HTTA in the hexane phase, a precipitate of 1J02(TTA)2 
was produced. By gradual addition of TBP, the precipitate dissolved and the 
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absorption peaks increased to a maximum, then remained constant. This occurred 
when 10” J molar TBP had been added, indicating formation of the species U02(TTA)2 
(TBP). The following tables show the gradual increase to the maximum peak heights 


Table 3.—Optical density maxima for u/htta mole ratios in u/htta/tbp systems 



U =■ 0-001 molar 


TBP “0-1 molar 



0-1 cm path length 


1 cm path length 


HTTA 

molarity 

£32*111/1 



fl 442mjU 


HTTA/U 
mole ratio 

0-0005 

0-32 

OSS 

0-26 

0-17 

0-09 

0-5:1 

00010 

0-72 

1-1 

0-55 

0-36 

0-17 

i:i 

0-0015 

0-91 

1-57 

0-80 

0-57 

0-25 

i-5:i 

0-0020 

1-2 

2-1 

1*01 

0-71 

0-36 

2:1 

0-0100 

1-2 

2-15 

1 -05 

0-72 

0-38 

10:1 


It is interesting to note that the extinction coefficient of the 328 m/i peak is 
higher than that of the 378m/i peak in the absorption spectral data given in Table 2 
for the solid complexes dissolved in hexane, whereas the reverse is true in Table 3 
The latter table, however, gives the spectral data for a comparison of U/TTA/TBP 
against HTTA/TBP in hexane. An examination of the spectra of HTTA/TBP in 
hexane against hexane alone shows a high peak at 330 m/i and no peak at 380. It is the 
production of this 330 m/i peak in HTTA/TBP solutions which accounts for the 
apparent reversal or lowering of the 330 peak relative to the 380 m/i peak in Table 3 
An examination of Table 4 not only shows the reversal relative to Table 2, but shows 
a large shift in these peaks to longer wavelengths. This is because a relatively large 
constant concentration of HTTA (0-1 molar) is used in the series in Table 4, the shift 
increasing further to the right as the HTTA molarity is increased. This is undoubtedly 
due to the poor light transmission of the more concentrated HTTA solutions. 


Table 4.—Optical density maxima for u/tbp mole ratios 



U = 0 001 molar 

HTTA — 0-1 molar 



0-1 cm path length 

1 cm path length 


TBP 

molarity 

Djsomu 

£j9om// 

Dumfl 

£442111// 

£<56m/! 

TBP/U 
mole ratio 

0-00025 

0-3 

0-55 

0-26 

0-17 

0-09 

0-25.1 

0-00050 

0-6 

1-1 

0-55 

0-36 

0-17 

0 5:1 

0-0010 

11 

2-1 

1-04 

0-71 

0-34 

111 

0-0020 

1-1 

2-1 

1-06 

0-72 

0-36 

2:1 


In a similar procedure to that given for the U0 2 /TTA/TBP systems, the U0 2 /TTA 
TOPO systems have been examined and it has been ascertained that one mole of 
uranium complexes with two moles of HTTA and one mole of TOPO to give the 
complex U02(TTA)2(T0P0). Production of a complex containing more than one 
mole of TOPO, namely U0 2 (TTA)2(T0P0 )j does not appear to cause any effect on 
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absorption spectrum and yet there is strong evidence for its production both from 
tracer work and from mixed melting points of the solid complexes UO^TTA^, 
U(> 2 (TTA) 2 TOPO and U02(TTA)2(TOPO)3. Fig. 3 and Tables 5 and 6 illustrate 
formation of the species U 02 CITA) 2 (TOPO)i. 



Fra. 3.—Effect of added TOPO on absorption spectral peak heights above 
600 m n in the system UO 2 /HTTA/TOPO. 

Table 5.—Optical density maxima for u/htta mole ratios in u/htta/topo sy stems 

_ U — 0-001 molar _ TOPO is 0-10 molar _ 

01 cm cell 1 cm cell path length 

HTTA 


molarity -Dj 2 sm/i Datmfi Duom/x &4S6 mu 


0-0005 

0-40 1 

0-56 


0-18 


0-0010 

0-70J 

1-1 

0-47 

0-34 

0-18 

0-0015 

1-0 | 

1-5 

0-69 

0-46 

0-29 

0-0020 

1-3 3 

2-1 

0-94 

0-70 

0-35 

0-0100 

1-4 

2-2 

0-97 

0-72 

0-37 






1456 


T. V. Hsaly and J. R. Ferraro 


Tabu 6. —Optical density measurements for u/topo mou ratios in 

u/htta/topo systems 


U is 0-001 M 1 -0 cm path length HTTA is 0-004 M 

TOPO 


molarity 


D*4omp 

f ) 436mp 

0-00025 

0-27 

0-20 

0-10 

0-00060 

0-63 

0-45 

0-23 

0-00090 

0-95 

0-66 

0-33 

0-0010 

1-02 

0-74 

0-36 

0 0020 

1-02 

0-74 

0-36 

0-010 

1-04 

0-74 

0-38 


Among the amides which exert a strong synergism on the metal-TTA system, 
n-butyl acetanilide (BAA) is shown here as an example. Again, it is clear from these 
spectrophotometric measurements in Table 7 which confirms tracer and macrowork 
that the synergistic species is U0 2 (TTA) 2 (B A A)j. 

Table 7.—Optical density maxima for u/htta and u/baa mole ratios in 

u/htta/baa systems 


U is 0-001 M 

1 -0 cm cell path length 


U is 0-001 M 


BAA is 01 molar HTTA is 01 molar 


HTTA molarity 

D*2tmp 

Di*2mp 

BAA molarity 

D*2smp 

D**2mp 

0-0005 

0-26 

017 

0 00025 

0-28 

0-19 

00010 

0-49 

0-34 

0 00050 

0-54 

0-37 

0 0015 

0-77 

0-50 

0 00075 

0-81 

0-57 

0-0020 

0-89 

0-65 

0-00100 

1-06 


00100 

1-06 

0-72 

0-0050 

1-07 

0-74 


Thorium solid complexes 

The absorption spectra of Th(TTA )4 in organic solvents such as benzene are 
well known< 6) and are presumed to consist of the normal “enol” form of chelate 
Fig. 4 shows these absorption spectra plus those of Th(TTA) 4 TBP and Th(TTA)4 
TOPO. The spectra consist mainly of one large peak at 345-350 m/i with an ex¬ 
tinction coefficient of 85,000 and in all three instances are more or less identical. 


Table 8 .— Optical density maxima for Th/TBP mole ratios in the 
Th/HTTA/TBP systems 


System contains 5 x lO -4 M Th and 2 5 x 10~ 3 M HTTA 
(0-1 cm cell path length) 


TBP molarity lxl0“ 4 2-5x10-* 5xl0“ 4 50x10-* 

Optical density T^bsomp) '0-5 1-1 2-2 2-3 


Table 9 and Fig. 5 show the ratio of Th to HTTA is 1 to 4 in the system Th/HTTA/TOPO 
and Table 10 shows the ratio of Th to BAA is 1 to 1 in the system Th/HTTA/BAA. 
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Fra. 4.—Absorption spectra of solid thorium complexes dissolved in benzene. 

Table 9.—Optical density maxima for Th/HTTA mole ratio in the 
Th/HTTA/TOPO system 


System contains 5 x 10~4 molar Th 4 x 10 - * molar 
TOPO in hexane (0 1cm path length) 


HTTA molarity xKH 5 10 15 20 50 

Optical density (Z)j4sm^i) 0 58 1 1 1 -58 2 08 2-11 


Thorium complexes extracted into the organic phase 

Both tracer work in solution and macro analysis of the solid show the formula 
of the TBP extract to be Th(TTA) 4 (TBP)i. Spectrophotometric evidence confirms 
that there is one TBP mole per mole of Th in the complex. The method used is 
similar to that carried out with the uranium complexes. At a constant concentration 
of thorium and HTTA, gradual addition of TBP causes an increase in the height of 
the 350 m/i peak up to a maximum at a Th/TBP ratio of 1 to 1. 

It should be noted that the peak wavelength in Table 10 (388 m p) is much higher 
than in the previous tables. In this case, a higher HTTA concentration had to be 
used and this caused the shift in wavelength. This is undoubtedly due to the poor light 
transmission of the more concentrated HTTA solutions. As an example of this 
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behaviour, a hexane solution containing 5 x 10~ 4 molar Th, 10~ 3 molar TOPO and 
2-5x 10“ 3 molar HTTA, using 10 -3 molar TOPO and 2-5x 10“ 3 molar HTTA as 
reference, has an optical density of 2-1 at 345 m/i when viewed through a 0*1 cm cell 



Flo. 5.—Effect of added HTTA on absorption spectral peak heights in the 
Th/HTTA/TOPO system. 


Table 10.— Optical density maxima for Th/BAA mole ratio in the 
_Th/HTTA/BAA system_ 


System contains 5 x 10“« molar Th, 10~ 2 molar HTTA in hexane 


(1 cm path length) 




BAA molarity x 10 4 5 10 

20 

50 


Optical density (Dmmp) 0-55 0-98 

w - 

1*91 

1-95 



According to Beers Law, this solution, viewed through a 1 cm cell, should have an 
0 {|ical density of twenty-one. Instead, the optical density is only 2*3 but the wave¬ 
length of the peak has increased to 384 m ft. 
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Neodymium complexes extracted into organic phase 

Aqueous neodymium nitrate has a visible spectrum with the largest peaks at 
576 (E = 6-90) and 522 (E = 4-20). Similarly, the organic solution of neodymium 
nitrate in TOPO/hexane has peaks at 584 (E = 48) and 528 (£ = 8-3). The ex¬ 
tinction coefficient at the higher wavelength is about seven times greater for the 
organic solution than the aqueous solution. Nd(TTA) 3 TOPO has practically the 
same visible spectrum as Nd(N0 3 ) 3 and Nd (TTA) 3 in benzene. By using the same 
spectrophotometric technique as that used above for both uranium and thorium/ 
HTTA complexes it is shown that Nd/HTTA/TOPO exist in the complex asNd(TTA )3 
(TOPO) 2 which is in agreement with tracer work.< ! > (See Fig. 6 and Table 11). Table 
12 indicates formula Nd(TTA) 3 (BAA) 2 . 


i o 


CO 

2 


. 0 5 


o 


CL 

O 


528 

A. 


E 

584 


872 , l : 

I H 


A contains 0 01 M HTTA 
B contains 0 02 M HTTA 
C contdins 0 04 M HTTA 
D contains 0 05 M HTTA 
I coni dins 0 10 M HTTA 


10 cm Cel I 


0 

584 

J 

l 

f 

I 


Varv HTTA 
o i m ruFii 

0 (ii4 n _\,i_ 

HlXd'll Sul.ltlUH 

C 

584 


Var, HTTA 
(I 1 M TOPCI 


Hetane 


572 1,1 
I I I 


=L-l 



WAVELENGTH(m M ) 


Fra. 6.—Effect of added HTTA on absorption spectral peak heights in the 

Nd/HTTA/TOPO system. 
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Table 11.— Optical density maxima for Nd/HTTA and Nd/TOPO in the 
Nd/HTTA/TOPO system 


Nd is 0-015 molar 
HTTA is 0-20 molar 

Nd is 0-015 molar 

1 cm cell path length TOPO is 0-10 molar 

TOPO molarity 

05»4m/r 

HTTA molarity 

058401/1 

0-005 

0-13 

0-010 

0-17 

0-010 

0-25 

0-020 

0-33 

0-020 

0-50 

0-040 

0-63 

0-030 

0-72 

0-045 

0-72 

0-045 

0-72 

0-050 

0-72 

0-10 

0-72 

0-20 

0-72 


Similarly, it can be shown (Table 12) that the mole ratio of Nd to BAA is 1 to 2. 

Table 12.— Optical density maxima for Nd/BAA in the system Nd/HTTA/BAA 
System contains 0-015 molar Nd and 0-2 molar HTTA in Hexane 


BAA molarity 0-005 0-010 0-015 0-020 0-030 0-050 0-100 

■0584m1/1 0-12 0-24 0-35 0-47 0-71 0-72 0-72 


DISCUSSION 

The absorption spectral work discussed does not shed any light on the structural 
differences between M x (TTA) y and M x (TTA) y S. However, it does substantiate the 
formulae obtained for the complexes of U, Th and Nd by both tracer work and 
work with the solid complexes. This indicates that at all concentrations there seems 
to be the same species present in solution. There is also no differentiation observable 
spectrophotometrically m the species U0 2 (TTA) 2 T0P0 and U0 2 (TTA) 2 (T0P0)3. 

The spectrum of M x (TTA) y has been discussed in the literature' 6 * and is considered 
to be the normal enol chelate form. The synergistic enhancement of the extraction 
of metals by HTTA plus neutral additives which changes the chelate group into a 
monodentate ligand' 5 * does not appear to affect the visible spectra of the M x (TTA) y 
The only observable difference is the large enhancement of uranyl peaks at 426 to 
454 m/i which do indicate an effect on the structure even more marked than the change 
from uranyl [U0 2 (N0 3 ) 2 ] to trinitrato uranyl nitrate [HU0 2 (N0 3 ) 3 ] species.' 7 * - 

An attempt was made to observe the formation of U0 2 (TTA) (N0 3 )S or 
U0 2 (TTA) (OH)S in the presence of insufficient HTTA and an excess of NaN0 3 or 
NaOH. NaOH caused precipitation of U from some solutions otherwise the spectra 
was normal. On a number of solutions with insufficient HTTA, saturated aqueous 
NaN0 3 did cause a general lowering of the spectrum by a factor of about two, but 
this was probably due to the salting in of U0 2 (N0 3 ) 2 -2S giving a mixture of this 
complex with the usual U0 2 (TTA) 2 S. The same situation was true for the 
Th(TTA) 4 -TBP complex, there being no evidence for substitution of TTA by 
nitrate group. 

The use of this spectrophotometric technique for ascertaining the formula of the 
species in solutioh is really based on the fact that the M x (TTA) y complex (1) has a 
high extinction coefficient and (2) it has a low solubility in hexane or cyclohexane. 

;*t 7 * L. Kaplan, R. A. Hildebrandt and M. Ader, J. Inorg. Nucl. Chem. 2, 153 (1956). 
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Addition of the neutral donor solvent very greatly increases the solubility of the metal 
by forming the synergistic complex M„(TTA) y S 2 . Some of these complexes have 
solubilities in the organic phase greater than 0*1 molar and where the complexes do 
not form solids, as in most of the rare earths, the solubilities are appreciably higher. 

Use could be made of this spectrophotometric technique in analysing solutions 
for many metals such as thorium, uranium, rare earths or transuranics. The unknown 
aqueous concentration could be brought to a pH between 1 and 6, then extracted by 
an equal volume of a mixture of HTTA plus TBP in hexane. The organic extract 
could be examined spectrophotometrically using as reference solution, part of the 
original extractant previously wetted. The effect of various aqueous complexing 
agents and other interfering metals would have to be ascertained. The method has 
good possibilities for estimating many metals including for example, micrograms of 
thorium and uranium. The authors, however, do not propose to pursue this analytical 
method any further. 
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SYNERGISM IN THE SOLVENT EXTRACTION OF 
DI-, TRI- AND TETRAVALENT METAL IONS—V 

INFRA-RED STUDIES OF THE ISOLATED COMPLEXES 4 

J. R. Ferraro t and T. V. Healy t 

Chemistry Division, Argonne National Laboratory, Argonne, Illinois 

C Received 2 March 1962; in revised form 17 April 1962) 

Abstract—In the synergistic extractions of metal ions with the systems l,l,l-trifluoro-3-2'- 
thenoyl acetone (HTTA) and neutral organophosphorus compounds, stable complexes have 
been isolated from the organic phase. These have the following formulae: UC> 2 (TTA) 2 Si, 
UO 2 CITA)*S 3 , Th(TT A) 4 S 1 and Rare Ear th (TT A) jS 2 , where S = a neutral organophosphorus 
compound, liie infra-red spectra of these complexes have been obtained and are discussed 
in terms of various possible structures. 

Recently, synergistic and anti-synergistic effects in the solvent extraction of various 
cations have been reported.Use of these effects has been made in various 
separations of metals. 31 Brown/ 6 ' Kennedy* 1 ' and Dyrssen* 9 ' have explained 
the effects found with the systems [(GO) 2 PO(OH)] 2 and (GO)jPO or G 3 PO** 
in terms of mechanisms involving addition or substitution of the neutral 
phosphorus compound for the acid. The system l,l,l-tnfluoro-3-2'-thenoyl acetone 
(HTTA)-tri-n-butyl phosphate (TBP), was first reported by Cunninghame and 
co-workers. (1) 

• Based on work performed under the auspices of the United States Atomic Energy 
Commission. 

t Argonne National Laboratory, Argonne, Illinois, 
t Harwell Exchange Fellow at Argonne National Laboratory. 

*• G — alkyl, aryl or variant thereof. 

111 J. G. Cunninghame, P. Scarqill and H. M. Willis, AERE/C/M-215 (1954) 

(2) D. F. Peppard, G. W. Mason and R. J. Sironen, J. Inorg. Nucl. Chem. 10, 117 (1959). 
( " D. F. Peppard. Unpublished data. 

u) H. T. Baker and C. F. Baes, Jr., U.S.A.E.C. Unclassified Documents, ORNL-2443 
(1957); 2486 (1957); 2451 (1957); 2737 (1959). 

111 C. A. Blake, D. E. Horner and J. M. Schmitt, U.S.A.E.C. Unclassified Document 
ORNL—2259 (1959). 

(6) C. A. Blake, C. F. Baes, K. B. Brown, C. F. Coleman and J. C. White, Proceedings 
of the Second International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1958, Vol. 28, p. 289. United Nations (1959). 

(7) J. Kennedy, U.K.A.E.A. Doc. No. AERE/C/M369 (1958). 

< 8) T. H. Siddal, III, /. Inorg. Nucl. Chem. 13, 151 (1960). 

1,1 D. Dyrssen and L. Kuca, Acta Chem. Scand. 14, 1945 (1960). 

(10) H. Irving and D. N. Edgington, Pro. Chem. Soc. 360 (1959). 

Ul) H. Irving and D. N. Edgington, J. Inorg. Nucl. Chem. 15, 158 (1960). 

(12) H. Irving and D. N. Edgington, Chem. and Industry, 77 (1960). 

(1J) T. V. Healy, J. Inorg. Nucl. Chem. 19, 314 (1961). 
tl4) T. V. Healy,/. Inorg. Nucl. Chem. 19, 328 (1961). 
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Further studies have been made<i<h 14 > using other types of neutral organo- 
phosphorus compounds. For the systems metal-TTA-neutral organophosphorus 
compound, where the metal is U 02 (II), thorium (TV) or rare earth (III), stable complexes 
have been isolated from the organic phase. Although the solids isolated may not be 
directly causing the synergistic effects, it would be of interest to obtain additional 
information regarding the structural nature of these solids. An infra-red study was 
therefore carried out on these complexes, and the results are discussed on the basis of 
various possible structures 

ABBREVIATIONS 

There are several abbreviations used throughout the paper for the purpose of 
brevity, and these are listed below together with the source of the material: 

HTTA — neutral 1,1,l-trifluoro-2,3'-thenoyl-acetone[ [l|1 COCH 2 COCF 3 ]. 

\S/ 

Midcontinent Chemical Co., Chicago, Illinois; and Dow Chem. Co., 
Midland, Mich , recrystallized from benzene. 

TTA — monionized l,l,l-trifluoro-2, 3'-thenoyl-acetone [ [T^T|cOCHCOCF 3 ] 

TBP — Tri-n-butyl phosphate [(nC^jHgO^PO], from Commercial Solvents 
Corp., purified, as previously reported.< i5 > 

TMP — Tri-methyl phosphate [(CH 3 0) 3 P0]; Delta Chemical Wks., New York, 
N.Y. 

TOPO — Tri-n-octyl phosphine oxide [(C 8 Hi 7 ) 3 PO]; Eastman Organic Chemicals, 
Rochester, N.Y. 

TEHPO -— Tn-2-ethylhexyl phosphine oxide [( 2 -C 2 H 5 C 6 Hi 2 ) 3 PO]; Chemical 
Procurement Laboratory, College Point, N.Y. 

TPPO — Tri-phenyl phosphine oxide [(C 6 H 5 ) 3 PO]; Aldrich Chem Co., Milwaukee, 
Wise. 

DBBP — Di-n-butyl n-butyl phosphonate [(nGjHpO^fnGjHplPO], from Virgima- 
Carohna Co., Purified as previously reported. 

BAA — N-n-butyl acetanilide [CH 3 CO-NH nC 4 H 9 ]; Matheson Co., Inc., Joliet, 
Ill. 

EXPERIMENTAL 

Preparation of solid complexes 

Uranyl complexes. Two volumes of an aqueous solution of 0-025 molar uranyl nitrate 
were added to one volume of a hexane solution of 010 molar HTTA and 0 05 molar neutral 
organophosphorus ester. The mixture was shaken vigorously for about 20 min; then the 
aqueous phase was removed and the hexane solution allowed to evaporate. Yellow 
microcrystalline material gradually settled out during the evaporation. When about nine- 
tenths of the hexane evaporated, the precipitate was filtered off and washed with a little 
water and a little hexane. Recrystallization from one of many organic solvents such as 
hexane, cyclohexane or benzene further purified the solid. In this way, solid crystalline 
compounds of the formula U 02 (TTA) 2 S were obtained where S is TBP, TOPO, TPPO, 
DBBP, TEHPO, and BAA Also, by using three to four times the usual concentration of 
TOPO, a solid compound of the formula U 02 (TTA) 2 (TOPO )3 was isolated. 

Thorium complexes. These complexes were obtained using the same procedure previously 
described for the uranyl complexes, except that the reagent mole ratio for Th:HTTA:S was 
1 ;4tT. Cream coloured solids with the general formula Th(TTA) 4 S were obtained where 
Sis TBP, TOPO and TPPO. 

<is> D. F. Pefpard, G. W. Mason and J. L. Maier, J. lnorg. Mucl. Chem. 3, 215 (1956) 



Synergism in the solvent extraction of di-, tri- and tetravalent metal ions—V 1465 

Neodymium and scandium complexes. The complexes of these metals were obtained by 
the method used for the uranyl complexes, also. The reagent ratios for M:HTTA:S were 
1:3:2. In the case of Nd, alkali was added to raise the pH of the aqueous phase in order to 
affect complete extraction of the Nd into the organic phase. Complexes made with S being 
TBP, and TOPO were oils, while Nd(TTA) 3 (TPPO) 2 was a solid. 

The simple compounds of general formula M(TTA)*, where x is the valency of the metal, 
can be made in exactly the same way as the M/TTA/S complexes, except that S is omitted 
from the preparation. 

Melting points 

The melting points were made on a Fisher-Johns Melting Point Block. Mixed melting 
points on mixtures were made similarly after weighing the appropriate amounts of the 
constituents. 

lsopiestic molecular weights 

In the isopiestic molecular weights, TBP was used as the standard and the method of 
Signer was followed. 1141 Errors were estimated to be in the range of 5-10 per cent. 

Analyses of the complexes 

Cation analyses in some of these complexes were obtained by standard analytical 
procedures, after scrubbing the metal out from a benzene solution with strong aqueous acid. 
The metal-free organic solution was then evaporated and the phosphorus residue determined 
by standard methods. For the other complexes reported in this paper the IT A/M and S/M 
ratios were determined by absorption spectrophotometry. (I7> 

Infra-red studies 

All infra-red data were obtained with a Perkin-Elmer Model No. 221 spectrophotometer. 
The results recorded in this paper were made with KBr disks, checked by Nujol Mulls. 

EXPERIMENTAL RESULTS 
Physical properties of complexes 

Listed in Table 1 are the analytical data, melting points and isopiestic molecular 
weights for several of the metal complexes of l,l,l-trifluoro-2, 3'-thenoyl-acetone and 
various neutral organophosphorus compounds. All of the complexes studied were 
anhydrous as discussed later, and as shown in Table 2. The complexes had definite 
melting points and all solids having intermediate compositions gave lower melting 
points in all systems (e.g. U0 2 , Th, Nd complexes) than the definite compounds. It 
can be noted that the melting point of the complexes containing I TBP or 1 TOPO 
are lower than the simple TTA complex while the melting points of the 1TPPO complexes 
are raised. Isopiestic molecular weights in benzene were determined for several of the 
solids and found to be monomeric. The solids appear to be quite stable as evidenced 
by the fact that TBP pumped at its melting point under 0-3 mm pressure for several 
hours showed only a 0-04 per cent loss in weight. 

For the uranyl complexes, the ratio of neutral phosphorus ester to metal was 
always one, except for TOPO, where the compounds U0 2 (TTA) 2 T0P0 and U0 2 - 
(TTA) 2 -3TOPO were isolated. The formation of U0 2 (TTA) 2 -3TOPO was previously 
suggested by tracer studies/ 13 , 14) and has been confirmed in this investigation by 
mixed melting points and infra-red data. For thorium, the metal/S ratio was always 
l: 1, but for the rare earth complexes and probably scandium too, it was 1 '.2. The studies 
indicated that the formulae for the synergistic species found at tracer level* 1141 and 


1161 R. Signer, Ann. Chem. 477, 246 (1930). 

!17) T. V. Healy and J. R. Ferraro, J. Inorg. Nucl. Chem. To be published. 
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'Table 1.—Physical properties of the metallic complexes of 
1,1,1 -TRIFLUORO-2,3 '-THBNOYL-acetone/neutral oroanophosphorus compounds 


Analytical Datat 

Molecular -- 

weight* Calcd. Found 


Complex 

m.p. 

<°C) 

Calcd. 

Found 

M<%) P(%) 

M(%)P<%) 

U0 2 (TTA) 2 

210-212 







U0 2 (TTA) 2 TBP 

112 

978 

907 

24-3 

3-17 

23-8 

2-7 

U0 2 (TTA) 2 T0P0 

57 

1099 

1070 





U0 2 (TTA) 2 -3T0P0 

37 







U0 2 (TTA) 2 -TPP0 

238 







U02(TTA) 2 -DBBP 

68 







U0 2 (TTA) 2 TEHP0 

60 







Th(TTA)4 

224 







Th(TTAVTBP 

178 

1382 

1363 

16-7 

2-24 

16-6 

2-3 

Th(TTA) 4 TOPO 

110 

1502 

1500 

15-5 

2-07 

16-0 

1-9 

Th(TTA) 4 -TPPO 

305 



16-8 

2-26 

17-2 

2-3 

Nd(TTA)3 

155-165 







Nd(TTA) 3 -2TOPO 

Oil 







Nd(TTA)j-2TPPO 

285 

1363 

1343 

10-7 

4-62 

10-4 

4-5 


Sc(TTA) 3 -2TBP Oil 

Sc<TTA)3-2TOPO Oil 

Sc(TTA)3 -2TPPO Oil 


•TBP was used as Standard and the solvent was Spectroscopic Grade benzene 
(Eastman Organic Co.) in the isopiestic molecular weight determination. 

t All of the M/TTA/S complexes were also analysed for TTA/M and S/M ratios by 
absorption spectrophotometric methods.* 1 ?) 

spectrophotometrically< 17) at millimolar levels are identical to the solids or oils 
isolated from the organic phase. 

Water content of hexane solutions of M x (TTA) y S J complexes 

The water content of several hexane solutions was determined using the standard 
Karl Fischer apparatus. Concentrations of HTTA, TBP and uranium in hexane 
solutions were prepared separately as well as together. The individual concentrations 
were in the same ratio as in the complex U0 2 (TTA)2TBP; namely, 2 moles of HTTA 
per mole of U or TBP. After shaking with water overnight, the water content of 
these hexane solutions was examined. It was found that water was extracted by the 
hexane solutions containing HTTA or TBP, either separately or together, but when 
uranium was present in these hexane solutions, the water content dropped con¬ 
siderably. This was also found to be true in the UO 2 /HTTA/TOPO system. For 
example, the water content of a hexane solution containing 0T0 molar HTTA and 
0-05 molar TOPO was 0-035 molar, but the addition of 0-05 molar uranyl ion caused 
the water content to drop by a factor of nearly ten to 0-004 molar, a figure which is 
about equal to that of the water content of saturated hexane alone. Table 2 shows 
how the advent <jf the metal link into the HTTA/ester/hexane system caused the 
water content to decrease to an almost negligible figure, establishing the fact that the 
metal/TTA/ester complexes were anhydrous. This has been established for uranium, 
thorium and neodymium. 
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Table 2.—Water content of HiO/metal/HTTA/ester/hexane systems 


UOj(TTA)zTBP hexane system 

Th(TTA) 4 TBP hexane system 

Hexane solutions 

Water content 

Hexane solutions Water content 

0 05 M TBP 
0-10 M HTTA 
0-05 M TBP 1 
010 M HTTA j 
0-05 M TBP 1 
010 M HTTA 
0-05 M U0 2 J 

0 006 M HjO 

0 005 M HjO 

^ 0 010 M H 2 O 
[■ 0 002 M H 2 O 

0-05 M TBP 
0-20 M HTTA 
0-05 M TBP 1 
0-20 M, HTTA I 
0-05 M TBP ] 
0-20 M HTTA 

0 05 M Th J 

0-006 MH 2 O 

0-016 M HzO 

0 -021 M H z O 

X 0-003 M H 2 O 

U 02 CTTA) 2 T 0 P 0 hexane system 

Th(TTA) 4 TOPO hexane system 

Hexane solutions 

Water content 

Hexane solutions Water content 

0 05 M TOPO 

0 05 M TOPO'l 
0-10 M HTTA j 
0 05 M TOPO] 
010 M HTTA 

0 05 M U0 2 J 

0 078 M H 2 O 
y 0-035 M H 2 O 

[ 0 004 M H 2 O 

0-05 M TOPO 

0 05 M TOPOl 
0-20 M HTTA j 
0-05 M TOPO] 
0 20 M HTTA 
0-05 MTh J 

0-028 M H z O 

0-042 M H 2 O 

[ 0 001 M H 2 O 


Nd(TTA)3(TOPO)2 hexane system 

Hexane solutions 

Water content 

0-11 M HTTA 1 
0-072 M TOPO 1 

^ 0 -058 M H z O 

0-11 M HTTA ] 
0 -072 M TOPO 
0-036 MNd J 

y 0 005 M H 2 O 


Table 3.—Carbonyl and c = c frequencies in TTA-metallic complexes 


Complex 

nC = 0 ... M (cm -1 ) 

!>C—O —M (cm -1 ) 

t;C = C (cm -1 ) 

U0 2 (I1) 

1600 

1309 

1535 

Th(IV) 

1601 

1312 

1542 

Nd(IIl) 

1605 

1302 

1537 

Coal) 

1600 

1308 

1535 


Table 4.—Carbonyl and c=c frequencies in 
TTA-oroanophosphorus-metallic complexes (cm - 

•) 

Complex 

Carbonyl region 

vC-O-M 

uC=C 

U02(TTA) 2 TBP 

1622, 1595 

1320 

1538 

Th(TTA)4TBP 

1633, 1599 

1310 

1540 

Sc(TTA)3-2TBP 

1630, 1603 

1320 

1540 

U0 2 (TTA)2-T0P0 

1615,1597 

1310 

1538 

U02(TTA)23T0P0 

1615,1597 

1309 

1537 

Th(TTA)4-TOPO 

1640,1598 

1310 

1538 

ScOTA) 3 2TOPO 

1635, 1607 

1320 

1540 

Nd(TTA) 3 -2TOPO 

1632, 1610 

1300 

1532 

U0 2 (TTA)2-TPPO 

1612, 1592 

1310 

1537 

Th(TTA)4-TPPO 

1640, 1600 

1312 

1540 

Sc(TTA) 3 -2TPPO 

1640, 1608 

1320 

1543 

Nd(TTA)y2TPPO 

1635, 1612 

1305 

1537 
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Infra-red spectra 

(A) TTA-metallic complexes. The infra-red spectra of U02(H) and ITi(IV) 
TTA-metallic complexes in the region 1700-1000 cm-i are illustrated in Fig. | t 
Although the spectra are complicated, some important features can be cited. For 
these complexes, an intense peak was observed in the carbonyl absorption region at 
about 1600 cm -1 . A second peak, of less intensity, was found at 1540 cm -1 . A third 
intense peak was found at about 1310 cm -1 . The peak at the highest frequency is 
probably associated with the co-ordinated carbonyl (C = O .. . M) vibration, since 
it corresponds to the values for this vibration obtained for related complexes.* 1 *> 



Fio. 1.—Infra-red spectra of U02(TTA)2 and Th(TTA) 4 -KBr disks. 



Flo. 2 .— Infra-red spectra of U02(TTA)2-TBP and Th(TTAVTBP-KBr disks. 
<<*) L. J. Bellamy and R. F. Branch, J. Chem. Soc. 4491 (1954). 
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The * C-O— enolic bond in the complexes is probably located at about 1310 cm -1 
in agreement with the values found for this vibration in the Cu(n), Co(II), Zn(II) 
chelates of TTA.< 18 > The absorption at 1540 cm -1 was rather constant from complex 
to complex, and has been attributed to the C = C vibration.* 19 * A tabulation of 
these frequencies appears in Table 3. 

(B) TTA-orgartophosphorus metallic complexes. In the spectra of the TTA- 
organophosphorus metallic complexes, the region at 1600 cm -1 showed two peaks, 
independent of the metal (Figs. 2-4 and Table 4). One peak was at the same position 


TMTTA)* • TOPO 


UOjITTA^- TOPO 


1700 1600 1900 1400 1900 1*00 1100 

cm -1 

Fio. 3.—Infra-red spectra of Th(TTA) TOPO and U 0 2 (TTA) 2 T0P0 KBr disks. 

as that found in the TTA-metallic complexes, and the second was located at a higher 
frequency. The ratio of intensity of the higher frequency peak to the lower frequency 
peak for the complexes M/TTA/S appeared to increase from Th(IV) to UC> 2 (II)- In 
the complexes M/TTA/2S this ratio is greater for Sc(III) than for Nd(III) (Table 5). 
In addition, the position of the higher frequency increased as one goes from U(> 2 (II) 
through Sc(III) and Nd(III) to Th(IV) complexes. The second peak at the higher 
frequency appeared in the spectra upon the first addition of neutral organophos- 
phorus compound. 

The P-'O stretching frequency was displaced toward lower frequency in all of 
the complexes. The shift appeared to be small in the case of TOPO. For the other 
neutral organophosphorus ligands, this shift appeared to be normal for aP^O.-.M 



<1W J. Lecomte, Dis. Faraday Soc. 9, 125 (1950). 
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type of link. Table 6 lists the P O frequencies found for these complexes, and gives 
the shift from the P-'O frequency observed in the unbonded organophosphorus 
ligands. 

In all of these complexes, the 3500 cm -1 region was free of absorption as were 
the regions of the bonded P—[OH] vibration at about 2700, 2300 cm -1 . The —C—H 
absorption in the complex ring was very weak, and was seldom seen. Whenever it 
was observed, it appeared at 3070 cm-'. 



Flo. 4. —Infra-red spectra of U02(TTA)2 TPPO, Th(TTA) 4 TPPO, and 
Nd(TTA) 3 2TPPO-KBr disks. 

Table 5. —Ratio of absorbances Ac = o/Ac=o ,.. M for various 
TTA-organophosphorus-metaluc complexes 


Complex 

At * 

U0 2 (TTA)2TBP 

10 

U02(TTA) 2 T0P0 

11 

U0 2 (TTA)2 3TOPO 

10 

U0 2 (TTA) 2 TPP0 

0-85 

Sc(TTA) 3 -2TBP 

0-74 

Sc(TTA) 3 -2TOPO 

0-87 

Sc(TTA) 3 -2TPPO 

0-76 

Nd(TTA) 3 -2TOPO 

0 58 

Nd(TTA) 3 2TPPO 

080 

Th(TTA) 4 TBP 

0-74 

Th(TTA) 4 'TOPO 

0-40 

Th(TTA) 4 TPPO 

0-77 


* A t => Absorbance (C=0)/Absorbance (C=O ... M) 
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to Fig. 5, a comparison of the spectra of NaTTA and Th(TTA )4 and 
Th(TTA) 4 -TBP is given. 



NaTTA 


Th(TTA) 4 


Th(TTA) 4 - TBP 


cm-' 

Fig 5.— Comparison of spectra of TTA ion m NaTTA with the co-ordinated 
TTA in complexes with thorium (KBr disks) 


Table 6.—Phosphoryl frequencies in the 
TTA-organophosphorus-metallic complexes (cm -1 ) 



PP-^O 

Shift* 

TBP 

1285, 1269 

_ 

TOPO 

1152 

— 

TPPO 

1195 

— 

U0 2 (TTA) 2 TBP 

1212 

-73, -57 

Th(TTA) 4 TBP 

1200 

-85, -69 

Sc(TTA) r 2TBP 

1192 

-93, -77 

U0 2 (TTA) 2 T0P0 

1145 

-7 

U0 2 (TTA) 2 -3T0P0 

1145 

-7 

Th(TTA>4 TOPO 

1145 

-7 

Sc(TTA ) 3 2TOPO 

1145 

-7 

Nd(TTA)3-2TOPO 

1140 

-12 

U0 2 CTTA) 2 TPP0 

1142,1152 ( sh) 

-53, -43 

Th(TTA) 4 TPPO 

1158 

-37 

Sc(TTA) 3 -2TPPO 

1150 

-45 

Nd(TTA)j-2TPPO 

1172 

-23 


* Defined as the t>p-^o tn complex — Op-^o in unbonded ligand. 
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(C) HTTA-TBP and HTTA-TBP-D 2 0 systems. In the anhydrous system 
HTTA-TBP, the addition of increasing amounts of TBP (up to 18 x HTTA concen¬ 
tration) to a fixed concentration of HTTA showed a shift of the infrared absorption 
peak (»c-o) from 1600 cm* 1 in pure HTTA to 1650 cm -1 . The TBP peaks (»p-^ 0 
at '"'1285, 1269 cm -1 became a single strong peak at 1280 cm -1 . 

In the system of HTTA-TBP contacted with D 2 O, increasing amounts of TBP 
up to 5-5 X HTTA concentration) added to a fixed concentration of HTTA showed 
a shift of the peak at 1600 cm -1 to 1650 cm - *. With further increases (up to 18 x HTTA 
concentration), there appeared to be a shift back toward 1600 cm -1 and a shift of 
the t>p_»o* n TBP to a strong peak at 1270 cm -1 with a shoulder at 1285 cm - *. 

In both the anhydrous and D 2 O experiments, large excesses of TBP were 
necessary to show the interaction with HTTA. The solvent used in these experiments 
was n-hexane (Matheson, Coleman and Bell Co.). 

(D) U02(TTA)2-TOPO system. As illustrated in Figs. 1 and 3, the addition of 
one mole of TOPO to one mole of U0 2 (TTA)2 produced two peaks in the 1600 cm -1 
region of about equal intensity. The P _^ i> 0 absorption showed a shift from 1152 cm -1 
to 1145 cm -1 . With the addition of two and three moles of TOPO, the intensity of 
the higher frequency band in the 1600 cm -1 region increased slightly as did the peak 
at 1145 cm - *. When 4-5 moles of TOPO were added, no change m the 1600 cm -1 
region was noted, but the main peak in the Vp_^ 0 region shifted to 1152 cm -1 with a 
shoulder at 1145 cm - *. 

Use of TEHPO produced only U02(TTA) 2 TEHP0. From infra-red data, no 
evidence for a U0 2 (TTA) 2 -3 TEHPO could be found. 

(E) U0 2 (TTA) 2 -TBP, Th(TTA) 4 -TBP and U0 2 (TTA) 2 -TBP-D 2 0 and Th(TTA) 4 
-TBP-D 2 0 systems. The addition of dry TBP to solid U0 2 (TTA) 2 gave a spectrum 
(in the 1600 cm -1 region) very similar to that obtained for solid U0 2 (TTA) 2 -TBP. 
Two equally intense peaks were obtained at 1622 and 1595 cm -1 . However, when 
the solution of U0 2 (TTA) 2 in TBP was contacted with D z O, significant changes 
occurred in the spectrum as the TBP concentration increased. For a 010 M solution 
ofU02(TTA) 2 in TBP, the normal double peak was obtained in the 1600 cm -1 region, 
but as the solution became more dilute in U 02 (TTA) 2 the peak at higher frequency 
began to diminish, and at a 0-003 M solution was present only as a very weak shoulder 
to the main peak at about 1595 cm -1 . There appeared to be a shift to the U02(TTA) 2 
spectrum in the wet solutions, as an excess of TBP was added, versus a U0 2 (TTA) 2 1 BP 
spectrum ip a dry excess of TBP. 

Similar results were obtained when the Th(TTA )4 was dissolved in excess TBP 
both dry and wet. 

Deuterium oxide was used rather than water in the wet solution to prevent the 
complication of the bending mode of vibration in water from interfering with the 
t> c _ 0 frequency in the complexes in the region 1600-1650 cm -1 . 

DISCUSSION 


From the infra-red studies, it was observed that the reaction of neutral organo- 
phosphorus compounds with TTA-metal complexes to form TTA/S/metal complexes 
resulted in the splitting of the single peak present in the 1600 cm - * region into two 
peaks. This splitting is observed not only in the crystal spectra but in the solution 
spcctr^and therefore cannot be entirely due to any crystal effects. One peak was found 
juency, and its position varied with the metal. This would indicate the 
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presence of some unco-ordinated (free) TTA carbonyl. The second peak was found 
approximately at its original position, thus indicating that in the M-TTA-S complexes 
part of the TTA is still bonded as in the simple TTA compounds. 

These results seem to eliminate for the TTA/S/metal compounds, a structure 
involving only bidentate TTA. The possibility that the structure may be one involving 
some of the TTA in the ionic form can also be dismissed since the spectrum of ionic 
NaTTA is entirely different in the region of 1600-1700 cm~i (see Fig. 5) from the 
spectra of these complexes. A third possible structure involving the solvation of the 
basic organophosphorus compound, through hydrogen bonding at the ring =CH 
position, was also dismissed, as this structure would in no way account for the 
splitting of absorption in the 1600 cm -1 region, and in addition P-[OH] vibrations 
were absent. A fourth possible structure appears to explain most of the experimental 
data more satisfactorily. This is a structure containing TTA both as a monodentate 
and bidentate ligand in the complex. Thus U0 2 (TTA) 2 TOPO and U0 2 (TTA) 2 - 
3TOPO could have structures 1 and 2 with co-ordination numbers of 6 and 8, 
respectively. 


f 3 

c-o| /OCICI-)-CH-(C«HjS) C-0 

h( > 

C — 0 ||\ 0CP(R) 

0 


C«HjS 


UO2 (TTA) Z R,P-*X) 

( 1 ) 


R,P *-0 

CF. 


' \ 

c—d 

// V 


OC(CFj) = CH-(CH,HjS|C «0 


hc; u-o^piri 
\~o / || x o--p (ri 3 
c<h 3 s 0 


U0 2 ( TTAlj- 3 R,P-*-0 

( 2 ) 


H 

.C 

C.H.S— Z y ^c—CF, 

f, I 1 

^°'^' T /-—0C(CFg=CH-(C„H3SlC=0 

Wo^ C"°‘ P,0R) ' 

I ? 0 

C.H.S I jj 

CF ~ C ^C—c 4 h 5 s 

H 


(OR), 

I ’ 

P 

{ 

0 


CF. 


0 = C IC„H,S)-HC = ICF,)C0. 0-C 

></ N CH 

o=c (c 4 h,S)-hc-icf,)co / I o^^c 7 

P | 


P 

I 

10R) 3 


C4H5S 


TMTTA)„- (ROIjP-K) Nfl (TTAIj-2 (R0),P--XI 

(3) (4) 

For the thorium complexes, structure (3) would have a co-ordination number of 8. 
For the neodymium complexes, structure (4) would have a co-ordination number of 6. 
These structures account for the observed splitting in the 1600 cm -1 region as well as 
for the lack of absorption due to water and P-[OH], and for the shifting of P O 
vibration toward lower frequency. 

A postulated structure of this type involves even co-ordination numbers. If a 
structure involving only monodentate TTA were considered in the complex 
U0 2 (TTA) 2 -3TOPO, then hepta-co-ordination would have to be invoked, such as 
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postulated by Sacconi <20) for U02(AA)2'NH 3 . In the case of U02(TTA>2*T0P0, 
ThpTA) 4 TBP or Nd(TTA) 3 -2TPPO, again odd co-ordination would have to be 
postulated (e.g. 5). In all cases, therefore co-ordinative saturation would not be 
reached and a molecule of water could co-ordinate. Such species would be very hard 
to visualize as causing a synergistic effect, since they would probably be less organic 
soluble than the anhydrous materials. Besides, infra-red and Karl Fisher data point 
to the fact that only anhydrous species are involved. 

It is important to emphasize that these results were obtained with complexes 
isolated from the organic phase. It is quite possible that in solution, additional 
species may be involved. In addition, since the infra-red method is only indicative, 
these complexes should be studied by other physical methods, such as X-ray. 
Recently an X-ray study <21) of the compound Th(AA) 4 indicated that the AA was 
chelated to thorium. Such X-ray studies might help in determining if the structure 
of these complexes involves monodentate and/or bidentate TTA. 

oo) L. Sacconi and G. Giannoni, J. Chem. Soc. 2368 (1954). 

(21) D. Grdenic and B. Matkovic, Nature, Land. 182, 465 (1958). 
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NOTES 


The ammono-deliquescence of lithium metal 

(Received 19 February 1962; in revised form 8 March 1962) 

Lithium, in contrast to the other common alkali metals, is capable of forming solutions 
with ammonia through exposure of the metal to dry ammonia gas at ambient conditions of 
temperature and pressure. This liquefaction phenomenon is interpreted in terms of a general 
treatment of deliquescence based on the inequality of chemical potential of the solvent 
component in the gaseous phase and in the saturated solution phase. Thus, lithium metal 
manifests ammono-deliquescence. 

The customary definition of “deliquescence” applies to the absorption of water-vapour 
by a solid from its surrounding gaseous environment to yield a saturated aqueous solution 
of the solid” >. It should be pointed out, however, that such solution formation can occur in 
any system where an imbalance in chemical potential exists between the solvent component 
in the vapour phase and that volatile component in the solution phase. As a practical 
consequence, then, for solvent absorption from the vapour phase, the saturated solution 
must have a partial pressure of the volatile component less than the partial pressure of that 
component in the atmosphere. Thus, in this more general sense Audrieth and Kleinbero* 2 * 
have applied the term “ammono-deliquescence” to the liquefaction behaviour observed in 
the ammonia solvent system. The salts lithium nitrate, ammonium nitrate, and ammonium 
thiocyanate tend to go into solution when exposed to ammonia gas near ambient temperature 
and pressure*-*' *■ *>. Accordingly, it is of interest to report that lithium metal itself, quite in 
contrast to the other common alkali metals, manifests ammono-deliquescence through 
simple exposure of the metal to an atmosphere of ammonia gas at ambient conditions. 
The dissolution of the alkali metals in liquid ammonia at its boiling point (—33°) or under 
elevated pressures at higher temperatures is, of course, well-established. 

The ammono-deliquescence of lithium metal can be readily demonstrated by passing 
a stream of anhydrous ammonia gas over the surface of the metal at room temperature and 
pressure. After a short period of time, bronze, opaque droplets form and then coalesce. 
The colour of the solution is characteristic of the high metal concentration in the solvent* 6 *. 
The solution process for lithium is exothermic* 7 - »• 91 and an appreciable temperature rise 
can be noted in the system. 

The physicochemical basis for the absorption of gaseous ammonia by lithium metal may 
be seen from inspection of the vapour pressure-temperature curves for saturated solutions of 
various of the alkali metals in liquid ammonia (Fig.l). Clearly, the lithium-containing 
solutions show the lowest equilibrium vapour-pressures of ammonia within the temperature 
ranges covered; thus, at 20°, the vapour pressure of ammonia above a saturated solution of 

(1 > M. M. Markowitz and D. A Boryta, J Chem. Engng. Data, 6, 16 (1961). 

* 2t L. F. Audrieth and J. Kleinberg, Non-aqueous Solvents, p.45. J.Wiley, New York (1953). 
* 3> R. O. E. Davis, L. B. Olmstead and F. O. Lundstrom,/. Amer. Chem. Soc. 43,1575 (1921). 
u * H. Hunt, J. Amer. Chem. Soc. 54, 3509 (1932). 

* 3) H. Hunt and L. Boncyk, J. Amer. Chem. Soc. 55, 3528 (1933). 

(6) W. L. Jolly, in Progress in Inorganic Chemistry, Vol 1 (Edited by F. A. Cotton), 
pp. 235-281. Interscience, New York (1959). 

(7) C. A. Kraus and F. C. Schmidt, /. Amer. Chem. Soc. 56, 2297 (1934). 

(8) F. C. Schmidt, F. J. Studer and J. Sottysiak, J. Amer. Chem. Soc. 60, 2780 (1938). 

* 9 > L. V, Coulter and L. Monchick, J. Amer. Chem. Soc. 73, 5867 (1951). 
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lithium is only 97 mm Hg (l0_14) , whereas the corresponding sodium (vapour-pressure, 
3544 mm Hg< 141 ), and potassium (vapour-pressure, 1584 mm Hg (14 ~ 15 ) solutions possess 
vapour-pressures considerably above atmospheric. The vapour-pressure of pure liquid 



ammonia at 20° is 6428 mm Hg ( 16> . For any partial pressure of ammonia in the atmosphere 
above an alkali metal greater than the equilibrium vapour-pressure characteristic of the 
particular metal-ammonia saturated solution, the potential for solution formation will be- 
present. Thus, lithium metal easily manifests ammono-deliquescence at room temperature 
and relatively low pressures of ammonia. 

Application of the Clapeyron-Clausius equation to the metal solution curves of Fig. 1 
gives the following equations for the vapour-pressures (/?, in mm Hg) of these saturated 
solutions: 

Li-NHj: log p <= — 1894'2/T + 8-4486 

Na-NHs: log/?-1280-5/T + 7-9166 

K-NH 3 : log/? - — 1300-3/T + 7-6347 


<10) C. A. Kraus, J. Amer. Chem. Soc. 30, 651 (1908). 

(11> O. Ruff and J. Zedner, Ber. Dtsch. Chem. Ges. 41, 1948 (1908). 

(12> C. A. Kraus and W. C. Johnson, J. Amer. Chem. Soc. 47, 725 (1925). 

W. C. Johnson and M. M. Piskur, J. Phys. Chem. 37, 93 (1933). 

<n> P. R. Marshall and H. Hunt,' J. Phys. Chem. 60, 732 (1933). 

<u) W. C. Johnson and A. W. Meyer, J. Phys. Chem. 33, 1922 (1929). 
twi W. Washburn (Editor), International Critical Tables, Vol. 3, p. 234. McGraw-Hil* 
Newjpk (1929). 
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Prom the above equations, the temperatures corresponding to a solution vapour-pressure of 
760 mm Hg (i.e., the normal boiling point) may be computed for each of these systems. 
The calculations yield the values of +67-0°, -18-9°, and +0-3' 3 for the saturated solutions 
of lithium, sodium and potassium, respectively, in liquid ammonia. Experimental determin¬ 
ations pf the boiling points for these solutions at 760 mm Hg have been reported by Ruff 
and Zedner * 111 to be +63° (lithium), -19'4° (sodium), and -0-2° (potassium). 

Meyer M. Markowitz 

Foote Mineral Company 
Research and Engineering Centre 
Route 100 

Exton, Pennsylvania 


The solubilities of alkali metal iodides in ethanol 

Received 12 February 1962) 

Several tables of physical constants of inorganic compounds quote high and conflicting 
figures for the solubility of potassium iodide in ethanol. Examples, at 20°C, are 4 g (1) and 
14-3 g< 21 solute per 100 g solvent, and 14-3 g< 3 > solute per 100 ml solvent The figures for 
25°C quoted in the chemical journals are much lower, e.g., 2 16 g* 4) and 1 -88 g* 51 solute per 
100 g solvent, and 1 -92 g* 61 solute per 100 g solution. Due to this very wide disparity between 
the highest and lowest figures, the solubility of potassium iodide in absolute ethanol has been 
redetermined and figures for 20°C and 25°C are reported in this communication. The 
solubilities of rubidium iodide and caesium iodide in ethanol at the same temperatures are 
also reported. 

EXPERIMENTAL 

The solubility measurements were carried out in absolute ethanol, for which d 2 4 s = 
0 78501. This was prepared by distilling the 95 per cent alcohol after standing for several 
days over freshly burnt quicklime. 

Saturated solutions of the iodides were obtained by agitation of the salt-ethanol mixture 
in a glass-stoppered flask immersed in a water thermostat at the required temperature. 
Samples of the saturated solution were removed into a previously weighed weighing bottle 
and the weight of the salt determined after removal of the solvent from the weighed sample. 

Many of the dried samples were checked for complete removal of the solvent by estimation 
of the iodide with potassium lodate by the Andrews procedure using a high concentration 
of hydrocholric acid and carbon tetrachloride. The titration figures agreed with the weight 
of dried salt in each case. 


The following results were obtained:— 


Salt 

Potassium 

iodide 

Rubidium 

iodide 

Caesium 

iodide 

Temperature (°C) 

20 

25 

20 

25 

20 

25 

Solubility (g per 

1 '75 

1'90 

0-95 

0-98 

0-290 

0*331 


100 g EtOH) 

DISCUSSION 


The figure of 1 -90 g per 100 g ethanol for the solubility of potassium iodide at 25°C is 
in agreement with that of 1 -88 g found by Larson and Hunt*’). Solubilities greater than 
2 g potassium iodide per 100 parts of ethanol (quoted above) have probably been determined 
in the presence of a trace, and probably more, of moisture. In fact preliminary determinations 
during the course of the present investigation gave a figure for the solubility of 2.12 g 
potassium iodide per 100 g ethanol, when the system was exposed to the atmosphere during 
saturation. Due to this sensitivity towards traces of moisture, Larson and Hunt * 51 took 
stem measures to exclude all traces by carrying out all operations, including sampling, in 
a closed system. 
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Notes 


The decreasing solubility, in ethanol, with increasing cation size, from 2S1 g per 100 
g for lithium iodide 14) and 43*3 g per 100 g for sodium iodide 13 > to 6-331 g per 100 g for 
caesium iodide, all at 25°C, is in contrast to minimal solubilities often observed for alkali 
metal halides when water is the solvent. This type of pattern has been explained for aqueous 
solutions <7- s) and the similar explanation in this case is that there is possibly a decrease in 
solvation energy with increasing canon size in contrast to little change m lattice energy. The 
high solubility of lithium iodide is probably partly explained by polarization. Other factors 
such as the size of the solvent ethanol molecule preventing its entry between the ions in the 
crystal lattice, also probably contribute towards the observed trend. 

N. A. Lange (Ed.), Handbook of Chemistry, 6th Edition. Handbook Publishers Inc 
(1946). 

(1 > J. H. Perry (Ed.), Chemical Engineering Handbook, 2nd Edition. McGraw Hill, New 
York (1941). 

< 3 > C. D. Hodgman (Ed), Handbook of Chemistry and Physics, 41st Edition. Chemical 
Rubber Publishing Co. (1959). 

< 4 > W. E. S. Turner and C. C. Bissett, J. Chem. Sac. 1904 (1913) 

«> R. G. Larson and H. Hunt, J. Phys. Chem. 43, 417 (1939). 

«> P. T. Walden, Z. Phys. Chem. 55, 712 (1906). 

L. Brewer, J. Chem. Educ. 36, 446 (1959). 

<»> M. F. C. Ladd and W. H. Lee, Trans. Faraday Soc. 54, 34 (1958). 
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A cryoscopic study in etbylenediamine 

(Received 22 February 1962; in revised form 2 April 1962) 

In connexion with equilibrium studies in ethylenediamme (EDA),<i' 31 it became 
necessary to determine the state of aggregation of several acids and salts. EDA has a very 
convenientmeltingpoint'~ 11°C <3) ,and itwas decided to use cryoscopy to obtain the necessary 
data. A literature search failed to reveal any previous cryoscopic study in this solvent. Pre¬ 
liminary attempts to obtain useable temperature-time cooling curves were unsuccessful. EDA 
supercools readily, and on freezing large crystals form which adhere to the cryoscopic cell 
wall. EDA continues to separate on this adherent coating, forming a hollow shell of frozen 
solvent rather than separating as individual crystals which can be suspended in the solution 
by agitation. The net result of this type of crystallization is a cooling curve which shows rapid 
temperature fluctuations, probably as a result of local temperature gradients m the solution 
In addition, even brief exposure of the EDA solution to the atmosphere resulted m significant 
decrease in freezing point. The cell design shown m Fig. 1 proved to be a satisfactory soluitin 
to these problems. The temperature sensitive device was a Veco Type 32A83 thermistor in a 
conventional equal-arm Wheatstone bridge. Using a 1 -000 V bridge supply and a 1 -00 mV, 
variable zero, potentiometric recorder, a sensitivity of 3 x 10 -4 °C was attainable. The gas-tight 
construction of the cryoscopic cell allowed indefinite storage of solutions without a detectable 
change in freezing point. All solutions were saturated with dry nitrogen by introducing a gas 
bubbler through joint C of Fig. 1. The gas bubbler was then removed and replaced by the 
assembly shown in joint C of Fig 1. This assembly consisted of an outer TS 12/18 joint 
sealed to a short stem of glass tubing of an inside diameter to just pass another glass tube 
which had a short piece of platinum wire sealed into the bottom. A sleeve of polyethylene 
tubing allowed the platinum wire to be adjusted in height without exposing the cell contents to 
the atmosphere. A large paddle type stirrer entered the cell through a water-jacketed glass 
bearing and was rotated at ~900 rev/min. A cooling curve was obtained by placing the cell 

® S. Bruckenstein and L. M. Mukherjee, J. Phys. Chem. 64,1601 (1960). 

L. M. Mukherjee. Ph.D. Thesis, University of Minnesota (1961). 

<3 > L. Audriath and J. Kleinberq, Non-aqueous Solvents, p.l 19. J. Wiley, New York (1953) 

, JjSwAtL-ui 
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FIG 1 Freezing Point Cell A. T 20/40 jomtwith Veco Type 32A83 thermistor shown in position; 
B 1 20/40joint with Labglass watercooled, precision ground sleeve bearing stirrer shown in position; 
C, I 12/18 joint Inlet port for nitrogen bubbler (not shown) and platinum (O'OIO wire) coldfinger 
(shown in position); D liquid level. Cell contents 50 ml 

in a water bath held at 9 ±0-02°C. Powdered solid carbon dioxide was dropped inside the tube 
with the platinum wire, and the wire submerged in the EDA solution as the anticipated 
freezing point was approached. Crystals of solvent formed on the platinum wire and were distri¬ 
buted through the solution by the vigorous stirring. These crystals greatly reduced super¬ 
cooling and minimized the tendency of the solvent to solidify as an adherent layer on the cell 
walls. More than half the cooling curves obtained were satisfactory. On random occasions 
poor cooling curves were still obtained. In all cases each solution was reexamined until three 
satisfactory cooling curves were obtained. The average of the three determinations usually 
agreed to ±0 0015°C. 

The thermistor was calibrated by evaluating the constant, B, in the equation 
\nR T tlR T 2 = - 1/72) from the measured resistances at the melting points of ice and of 

very pure acetic acid. (4) This calibration yielded a calculated sensitivity of 0 0954°C/mV of 
unbalance bridge potential at 10-6° compared to the experimental value of 0-0952°C/mV 
over the range 9-3-12°C 

The solvent handling techniques and the reagents used have been described else¬ 
where ■ 2 > 

The freezing point of pure ethylenediamine was determined to be 11 -3°C, as compared to 
the previously reported value of 11 •0°C. <3) 

The molal freezing point depression constant, Kj°, was determined using benzene and 
naphthalene as standards. Using benzene, six solutions in the concentration range 0-05-0-33 
molal were studied, yielding K/ = 2-43 ±0-04°C/mole/kg. Three naphthalene solutions, 
0 04-0-11 molal, yielded K f ° = 2-44 ±0 OPC/moIe/kg. The mean value obtained giving 
equal weight to each individual measurement is 2-43 ±0-02°C/mole/kg. The latent heat of 
fusion of EDA is calculated to be 64-5 ±0 6 cal/g at 11-3°C, as compared to a calori- 
metrically determined value of 77 cal/g at 0°C. 

(4) K. Hess and H. Huber, Ber. Dtsch. Grs. 70, 2205 (1937), 



1480 


Notes 


Earlier potentiometric studies of silver cyanide* 1 * were interpreted in terms of the 
reaction: 

i 2AgCN^=i Ag + + AgCN 2 ~ 

assuming the silver cyanide was nearly completely present in the form of the undissociated 
monomer. Cryoscopic studies of silver cyanide in the concentration range 0-018-0-16 molal 
verified that this compound exists quantitatively as undissociated AgCN. (By quantitatively, 
we mean the molality found cryoscopically was indistinguishable from the analytical con¬ 
centration within the experimental error.) 

Solutions of silver, potassium and sodium iodide were also studied in the concentra¬ 
tion range of ~0-02-0• 1 M and found to be present quantitatively as undissociated monomers. 

Silver bromide and chloride, and phenylacetic and acetic acids are not measurably 
dissociated in EDA in the concentration range of ~0 01-0-09 M. 

Silver nitrate is measurably dissociated in EDA. The results obtained are given in 
Table I, m, is the analytical concentration and Em the molality calculated from the freezing 


Table 1.— Cryoscopic data for AgNOj in EDA 


m l 

Em 

K-AiNOa 

( K AgNO.) M, G 

00158 

0-0230 

(60x10-3) 

(1-2 XlO" 4 ) 

0-0359 

0 0441 

24x10-3 

4-2 XlO- 4 

0 0561 

0-0670 

26x10-3 

3 9 x 10 -4 

0-0809 

0 0938 

2-5x10-3 

3-4x10-“ 

0-1129 

0-1305 

3-3x10-3 

3-8x10-* 


Mean value K A gN 0 3 ■= 2-7 ±0-5 x 10~3 

.. (K Ag N0 3 ) m. g = 3-8 ±0-2 x 10“ 4 


point depression. The third column lists the value of the dissociation constant of silver 
nitrate calculated from the freezing point data assuming ideal behavior; i.e., from the 
expression Ka b no, = [(Im An estimate of the thermodynamic 

dissociation constant requires that some relation for the activity coefficient of ions and the 
ionic strength (ji = [Ag + ]) be assumed Schaap et al. (6) have suggested that the Marshall- 
Grunwald equation would be applicable to EDA solutions The fourth column in Table 1 
gives calculated values of the dissociation constant of silver nitrate (K A8 no 3 m,g) using 
the latter relation to estimate the single ion activity coefficients The mean value of 
(Ka*no») equals 3-8 ±0-2 x 10 -4 . 

The dissociation constant of silver nitrate was estimated to be ~6 x 10~ 4 in our previous 
potentiometric study* 1 * and 5-75 xlO -4 by Hibbard and Schmidt* 7 * using the Fuoss-Kraus 
method. Siefker* 8 * obtained similar values using a combination of potentiometric and 
conductometric data. 

Finally, an attempt was made to demonstrate the existence of KJ AgI and Nal-Agl by 
studyingmixturesof the alkali and silver iodides. The latter two species have been postulated 
to interpret data obtained using a silver indicator electrode.* 1 * As is shown in Table 2. the 
total molality as found cryoscopically is substantially lower than the sum of the analytical 
concentrations of the silver and alkali halide. 

**> H. Hieber and A..Woerner, Z. Elektrochem. 40, 252 (1934). 

W. B. Schaap, R. M. Bayer, J. R. Siefker, J. K. Kim, P. W. Brewster and F. C. Schmidt, 
Record of Chemical Progress, 22, 197 (1961). 

< 7 > B. B. Hibbard and F. C. Schmidt, J. Amer. Chem. Soc. 77, 225 (1955), 

$,,**> J. R. .Siefker. Ph.D. Thesis, Indiana University (1960). 






Notes 


14*1 

Tabu 2,—Cryoscopic data for Agl-KI and Agl -Nal solutions 


MI m ,> mi (,) Ae) (1) Tw (b > JS10. a»i 

Potassium iodide 0-1127 0-1138 0-2050 2-6 

Sodium iodide 0-0803 0-1271 0-1880 3-0 


(a) m s is molal analytical concentration of species indicated by subscript. 

(b) Em is total molal concentration calculated by freezing point depression. 

Assuming ideal behavior, the formation constant, K mia*i“ [MI AgI]/tMIKAgI] «* 
+("0Agi][£m— (w s )Agi]— ("lAgillXm— was calculated from the data in 

Table 2. The results obtained are in fair agreement with the previously obtained values of 
Kki-asI “* I‘I and K Nil Ail “ 1-3.< 1 > 
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BOOK REVIEWS 


H. H. Sisler: Chemistry in Non-Aqneous Solvents vn + 119 pp. Reinhold, New York, 1916. 

#1.95 

This monograph appears to be intended for the undergraduate interested in chemistry 
rather than either the specialist or educated layman. To this end, the author steers a course 
between dull scholarship and a Sunday supplement popular science approach and,’on the 
whole, is successful. Current ideas in the chemistry of non-aqueous solutions are given with 
adequate examples. 

The classical approach to non-aqueous chemistry m terms of water analogs is illustrated 
by liquid ammonia. The section on sulphuric acid emphasizes the more recent work of R. J. 
Gillespie and his colleagues, but fits neatly into acid-base concepts involving proton transfer. 
The other solvents selected for individual attention are sulphur dioxide and nitrogen dioxide 
a choice which permits exploration of the range of usefulness and the limitations of the 
solvent-system ionization concept. 

The book, however, has some flaws which may reduce its value for the teacher and the 
serious student. It is not completely authoritative; for instance, the data given in the various 
tables are not provided with references, and many of the constants may be out-of-date. 
The observant reader, for example, will have difficulty in reconciling the ion product constant 
for liquid ammonia described as being in the neighborhood of 10 -33 , with a specific con¬ 
ductance greater than 10 -1 ohm -1 . Experimenters (V. F, Hnizda, C. A. Kraus, J. Amer. 
Chem. Soc. 71, 1565-75 1949). have obtained liquid ammonia with a specific electrical 
conductivity below 10~‘« ohm -I cm -1 . It is likely that the pure liquid is even less conducting 
and that the ion product estimate of Pleskov which Sisler quotes is a realistic estimate. 
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Similarly, ithe electrical conductivity of sulphur dioxide is undoubtedly much lower than 
the value given in the text and self ionization does not take place to anything like the extent 
, that Jander believed at the time of his early research. Perhaps the most serious deficiency m 
this volume is an inadequate treatment of the experimental problems associated with research 
with non-aqueous solvents. This gives a spurious air of authenticity both to the numbers in 
the tables and to the ideas expressed. The latter do represent a reasonable consensus of 
current opinion, which however will be continuously modified, at least in emphasis, as 
improved experimental procedures are developed, and as a number of additional solvents 
are investigated in detail. 

The failure to suggest to the reader that the accumulation of data and the evolution o^ 
ideas are still under way is a serious pedagogical error that all working scientists should 
deplore. 

This series nevertheless represents a pioneering effort which ought to be encouraged- 
The present volume is readable and recommended fortheundergraduate or bnghthigh schoo 1 
senior interested in going a little beyond his general chemistry text. 


H. H. Hyman 


Plutonium 1961 Edited by E Grison, W. B H. Loro and R. D Fowler. Proceedings of the 
Second International Conference on Plutonium Metallurgy, Grenoble, France. 19-22 April I960 xv» 
804 pp. Cleaver-Hulme, London, 1961. 189 S. 

The second conference on Atomic Energy, held at Geneva in 1958, was notable for the first 
release of real information on plutonium. As a result, two further conferences have been 
held, of which this book represents the proceedings of the second. The information now 
presented is wider in scope, and presents a balanced picture up to 1960. 

Four separate sessions were held at the conference, dividing the subject under the 
headings of physical properties, alloys, ceramics, and nuclear fuels. The discussion following 
each group of papers included new material, and this is also included in the book. 

One feature of note, which is emphasized throughout the book, is that of purity. In 
certain cases the actual impurity content is quoted by the authors, but generally the matter is 
dealt with rather vaguely. Experiments on the allotropic transformations, physical and 
mechanical properties, are undoubtedly affected by impurity content, and interpretation of 
results obtained at temperatures in the vicinity of an allotropic change must be extremely 
difficult. 

From the physical standpoint, much new information is presented on the electronic 
states in plutonium, and the effect on physical properties. The ferromagnetic impurity 
elements, (inevitably present as a result of the methods of manufacture) have a particular 
influence, for example on low temperature specific heat, resistivity, and thermal expansion 

The section on alloys is also noteworthy for the concentration on theoretical implications 
Considering the emphasis on the utilization of plutonium for practical purposes of nuclear 
energy which must lie behind this work, it is remarkable to see how far the more practical 
has not been allowed to subdue the fundamental understanding of the metal. 

The chemical metallurgy of plutonium received attention at the Conference in matters 
ranging from preparation of high purity metal to atmospheric oxidation. The papers dealing 
with preparation mdfcde the use of fused salt electrolysis, the reduction of plutonium hadides 
by calcium, and the removal of impurities by volatilization. One paper, in French, describes 
the technological difficulties encountered m a "production” process. The work reported 
on oxidation is brief, but important. 
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The manufacture of fuel elements containing plutonium as metal or oxides, occupies 
one third of the book, although mechanical properties are included in this section. One 
important aspect of the application of this metal is given prominence, that of the cost of 
development of such a material for a power reactor programme. 

Although much remains to be learned about plutonium, the Conference reported in 
this book did reveal a tremendous amount of information. Any one concerned with power 
reactor development, or the scientific aspects of the transition metals, will learn much from it. 
The printing of text and photographs is extremely good, although one or two obvious spelling 
errors should not have passed the proof-reading. The price is presumably related to the cost 
of the metal with which the subject matter is concerned. 


C. B. Totixe 
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MASS DISTRIBUTION IN THE SPONTANEOUS 
FISSION OF 34 ®Pu 

J. B. Laidler and F. Brown 
A tomic Weapons Research Establishment, Aldermaston, Berkshire 

(Received IS April 1962) 

Abstract—The distribution of mass in the spontaneous fission of a *°Pu has been investigated radio- 
chemically by measuring the fission yields of fifteen isotopes in the mass range 89-147. Comparisons 
are made with other published work on spontaneous fission to reveal trends in the yield-mass relation¬ 
ship with increasing mass of the fissioning nucleus 

Since neutron-induced fission of ***Pu is essentially fission of M0 Pu m excitation levels above the 
ground state, a further series of changes in the yield-mass function for fission in various states of 
excitation of the same nucleus is also presented 


Spontaneous fisson was suggested in 1939 as a theoretical possibility by Bohr and 
Wheeler in their paper on the liquid drop model of fission. <l) It was first reported by 
Flerov and Petrzhak. for natural uranium They observed a half-life for decay by 
this process of about 10 16 -10 17 years and the spontaneous fission in the uranium was 
later attributed to ^U/ 3 * 

Spontaneous fission has since been observed in many nuclides and numerous 
papers have been published on the more physical aspects of the subject. Reviews of 
available information have been given by Butler (4) , Ghiorso i8) and Petrzhak (6) . 

There is still one aspect of spontaneous fission on which information is limited. 
This is the distribution of mass between the fission fragments. Mass distribution in 
spontaneous fission has been studied in m ' 242 Cm (10) and in 252 Cf. (u,14,ls) 

There are two main reasons why information on this subject is so limited: 

(a) Nuclides exhibiting spontaneous fission which are readily available have long 
half-lives and hence relatively low spontaneous fission activity. 

(b) Nuclides which have shorter spontaneous fission half-lives are not obtainable in 
sufficient amounts to make radiochemical investigations of their mass dis¬ 
tributions practicable. 

111 N Bohr and J Wheeler, Phys Rev 56,426(1939) 

IJI G N Flerov and K. A Petrzhak, Phys Rev 58, 59 (1940) 

1,1 W H Fleming and H G Thode, Phys Rev 92, 378 (1953) 

1)1 J B Butler, CRP 642A Paper B4 (1956) 

151 A Ghiorso, A/Conf 8/P/718. The Proceedings of the International Conference on the Peaceful 
Uses of Atomic Energy, Geneva 1955, United Nations (1956) 

K A Petrzhak, Sov. J. Atomic Energy, Suppl 1,101 (1957). 

J MacNamara and H. G Thode, Phys Rev 80, 471 (1950), also H. G. Thode Canad J. Phys. 
38, 1 (1960) 

G W. Wetherill, Phys. Rev 92, 907 (1953) 

"" F T Ashizawa and P K Kuroda, J lnorg Nucl Chcnt 5, 12 (1958), also P L Parker and 
P K Kuroda, Ibid. 5, 153 (1958) 

L E Glendenin and E P. Steinberg, Phys Rev 95, (2) 431 (1954). 

L E. Glendenin and E. P Steinberg, / lnorg Nucl Chem 1,45 (1955) 
ll!l J G Cuninghame, /. lnorg. Nucl Chem 6, 181 (1958) 

" a> W E Nervik, Phys. Rev 119, (5) 1685 (1960) 
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Information published to date on the spontaneous fission of M0 Pu can be sum¬ 
marized as follows: 

(1) Half-life for spontaneous fission 1141 —1*23 x 10 11 years. 

(2) Specific spontaneous fission activity' 1 *'—(1-61 ±0-04) x 10® fission g~' hr 1 . 

(3) Number of prompt neutrons per spontaneous fission—2-2 ± 0 03.' 1 ®’ 

(4) The energy distribution of the fission fragments is a two humped curve which 
has maxima at about 65 and 95 MeV,' 17 - 18 ' 

(5) A mass distribution curve derived from physical measurement of the energies of 
the fission fragments.' 19 ’ 

All these physical measurements have been made on samples of plutonium with 
fairly low ^"Pu contents. 

A source of highly enriched 210 Pu (about 92 per cent) of sufficient size to attempt a 
radiochemical investigation of the mass distribution was made available by the 
U.S.A.E.C. The fission yields of 15 isotopes are reported as well as a re-determmation 
of the spontaneous fission half-life. 

EXPERIMENTAL 

At the commencement of each run, an inactive isotope of the element to be determined was added 
to the plutonium stock solution The fission product activity and the carrier were equilibrated, 
separated from the plutonium and discarded. The separation time was taken as the zero time for a 

g owth period ranging from a day to several weeks depending on the isotope under consideration 
ne milligram of carrier was added and at the end of the growth period, equilibrated and separated 
from the plutonium The carrier was then removed from the glove box, in which the plutonium stock 
solution was handled, and rigorously purified from other fission products using standard radio¬ 
chemical techniques Particular attention was p&id to purification from plutonium to obtain the 
required decontamination factor of 10“ 

The final purified carrier solution was weighed and aliquots taken for source preparation and 
chemical recovery estimations 

Sources were prepared on "glass fibre disks”, described by Vallis and Thomas'* 01 , as this type of 
source mount eliminates the need for self absorption and self scattering corrections in the sub¬ 
milligram region. 

The sources were counted in a Van Duuren shielded end-window /l-counter which had a back¬ 
ground of 1 5 ± 0 5 counts/min. Radiochemical purity was checked by following the decay of the 
sources over several half-lives The counter was calibrated prior to this work using the method of 
Bayhurst and Prestwood 1811 and periodically checked using a natural uranium standard. 

Before each separation, ,u Am was removed from the stock solution by ion exchange and the total 
a-disintcgration rate of the plutonium solution measured by dilution and a-scintillation counting 
The a-counting was done in A E R E Type 1093B scintillation units which were calibrated against a 
standard low geometry counter These specific activity measurements were used as comparisons of 
the amounts of plutonium used in successive runs The amount of plutonium was estimated chemi¬ 
cally in a stock solution of known specific a activity by a method involving reduction with trivalcni 
antimony and back titration with potassium lodate The weight of plutonium measured in this 
way agreed to within 0 1 per cent with that calculated from a activity plus mass spectromctric 
results. 

,u> O. Chamberlain, G W Farwell and E Segr£, Phys. Rev. 94, 156 (1954) 

,1 “ F. R. Barclay, W. Galbraith and W Whiteholsse. Proc Phys Soc 67 A 646 (1954) 

,1,) J E. Hammel and J E Kephart, Phys Rev 100, 190(1955) 

<m G. Hanna, B. Harvey, N Moss and P Tunnicliffe, Phys. Rev. 81, 466 (1951). 

E. SEGRi and C. Wiegand, Phys Rev. 94, 157 (1954). 

T A. Mostovaya, The Proceedings of the Second International Conference on the Peaceful Usri 
of Atomic Energy , Geneva 1958, United Nations (1958). A/Conf. 15/P/2031. 

¥«*»» D G Valus abd A. O. Thomas, AWRE Report No 0-25/61. 

<M ’ B. P Bayhurst and R J. Prestwood, Nucleonics 17, (3) 82 (1959). 

,<**> R. G. Monk and J Herrington, Analyt. Chim. Acta 24, (5) 481 (1961). 
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,, RESULTS 

The fission yield of any fission product was defined as follows: 


Fission yield = 


Disintegration rate corrected for 

_ chemical recovery and counting effi ciency 

Fission rate of Pu 440 x partial saturation factor. 


Due to the low spontaneous fisson rate of the Pu 240 (approximately 1 ‘6 X 10* 
fission/min), growth periods were chosen such that saturation activity of the fission 
product in question was attained. However, in cases when the fission product had a 
long half-life it was not practicable to wait until equilibrium conditions were reached 
and a partial saturation factor had to be applied. 

This factor was defined as: 

Partial saturation factor = (1 — e~ u ) 
where A = decay constant of fission product 

t — growth period in corresponding units to A 
Mass spectrometric analyses were carried out at A.W.R.E. and at A.E.R.E. 
Harwell and the isotopic composition of the plutonium is shown in Table 1. 


Table 1 


Isotopes 

A W R E result Wt % 

A E R E result Wt % 

239 

671 + 004 

6 70 ± 0 10 

240 

91 70 ± 0 04 

91 70 t O) 

241 

1 51 ± 001 

1 51 + 0 02 

242 

0 071 ± 0 004 

0 073 + 0 004 


Although the 239 Pu and ^‘Pu contents of the plutonium were low, it was necessary 
to estimate the proportion of neutron-induced fissions occurring in these isotopes. 
Fission yields measured in the trough region could be greatly m error if induced 
fission took place to any appreciable extent. There are two sources of neutrons in the 
plutonium stock solution during growth periods, spontaneous fission neutrons and 
neutrons produced by (a, n) reactions on the light elements in the solution. Using 
diffusion theory it is possible to estimate the number of neutrons being thermalized and 
subsequently inducing fission in 239 Pu or M1 Pu Two group theory with logarithmic 
boundary conditions in a spherical model was used to show that for solution volumes 
greater than 30 ml, less than 0-2 per cent of the fissions occurring were neutron induced. 
The error involved in this method may be considerable, but the order of magnitude 
should be correct. Since the lower limit of measurement of spontaneous yields is 
about 0 03 per cent and the yield of trough elements in thermal neutron fission of 
2j9 Pu is about 0-05 per cent, the contribution from induced fission to yields in this 
region must be negligible. 

For all isotopes considered in this work, duplicate determinations were carried out 
and the results quoted in Table 2 are the medians of the determinations. The errors 
are standard deviations calculated from the range of the observations by the method 
described by Dean and Dixon' 23 '. 

' " R S Dean and W. J. Dixon. Analyl Chem 23, (4) 636 (1951) 
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Table 2. 


Nuclide 

No. of 

determinations 

Observed fission 
yield (%) 

Calculated independent 
yield of daughter ( %) 

Total chain 
yield (%) 

••Sr 

2 

0-80 ± 0 32 

0 

0-80 ± 0 32 

**Sr 

3 

I 51 ±0-17 

0 

1-51 ±0 17 

"Zr 

2 

6-46 ± 0-21 

0-02 

6 48 ± 021 

”Mo 

3 

6-82 ± 0-07 

0 

6 82 ± 0-07 

,M Rh 

3 

7 10 ± 0 55 

0 

7 10 ± 0 55 

10, Pd 

3 

0-94 ±0 12 

0 

0-94 ±0 12 

111 Ag 

2 

0035 + 0-009 

0 

0-035 ± 0-009 

lu Cd* 

2 

<0 03 

0 

<0-03 

laij 

3 

2-34 ± 0-05 

0 

2-34 ±005 

mj 

3 

8 19 ±0-12 

0-01 

8 20 ± 0 12 


3 

6 39 ± 0 67 

0 55 

6-94 ± 0 67 

“»Ba 

4 

5 99 ± 0 22 

0 

5-99 ± 0 22 

l41 Ce 

3 

6 02 ± 0 39 

0 

6 02 ± 0-39 

14, Pr 

2 

4 78 ± 0 39 

0 

4-78 ± 0 39 

14, Nd 

2 

1 22 ± 0 37 

0 

1 22 ± 0 37 


* Upper limit based on 2a statistics of the counter background. 


The independent fission yields of the daughter elements were calculated by the 
method of Glendenin et al., m) assuming that the equal charge displacement postulate 
of charge distribution holds in spontaneous fission. This could not be verified as there 
was insufficient fission activity to measure any independent fission yields. However as 
charge distribution appears to obey this postulate in most cases of low energy induced 
fission studied* 25 - 201 and also in the spontaneous fission of 242 Cm, (10> the assumption 
would seem to be valid in this instance. 

In conjunction with this work, the spontaneous fission rate of ““Pu was measured 
using an ionization chamber and coincidence counting techniques. A new value 
1-340 ± 0-015 X 10 11 years of the spontaneous fission half life was obtained which 
was appreciably longer than the previously published values. 127 ’ 

DISCUSSION 

The experimental results are shown in Fig. 1. Mirror points were obtained by 
folding the curve about mass 118-9, which is the point of symmetrical mass division 
found by using Hammel and Kephart’s value of 2-2 for the number of prompt 
neutrons per fission. 

It can be seen that spontaneous fission of M0 Pu produces a predominantly asym¬ 
metric mass distribution with maxima at masses 101 and 137. No symmetric fission is 
observed as far as the limits of detection allow. 

The distribution of mass about the two maxima is quite narrow, peak widths at 
half height being only about thirteen mass units. There is some evidence of fine 
structure occurring in the region of the 82 neutron shell. Also, since the fine structure 
peak is observed in the mirror position, cf. masses 133 and 105, it would appear that 
enhanced formation of isotopes in the region of the 82 neutron shell is favoured in the 
fission act itself, rather than by subsequent neutron emission to attain the enclosed 
shell configuration. 

L. E. Glendenin, C D Coryell and R R Edwards, N.N E.S IV 9. p 52. 

,,,) A. C. Pappas, The Proceedings of the International Conference on the Peaceful Uses of Atonm 

Energy , Geneva 1955, A/Conf. 8/P/881 United Nations (1956) 

<”> A. C. Wahl, J. lnorg. Nucl. Chem 6, 263 (1958) 

<"> D. E. Watt, F. J. Bannister, J B. Laidler and F. Brown, Phys Rev 126, (1) 264 (1962) 
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A comparison of all published spontaneous fission yield mass curves is shown in 
Fig. 2. Several trends are obvious as the mass of the nucleus undergoing spontaneous 
fission increases. Most noticeable is the increasing width of the peaks indicating a 
general broadening of the mass distribution. Although the width of the trough appears 
to be decreasing, no significant change m the symmetric mode of fission can be seen 
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Fig. 1. 

because fission yields at the bottom of the trough have never been obtained. Fine 
structure appears in the peaks in three of the nuclides studied, and in the case of 238 U 
insufficient experimental evidence is available to discuss the subject. The results of 
Glendenin and Steinberg for “*Cf show pronounced fine structure which does not 
appear in Nervik’s curve for the same nuclide. However, the former workers were 
forced to place large errors on their results because of the very small amount of *“Cf 
available for their investigation. 

Since neutron induced fission of ^Pu produces a compound nucleus which is M0 Pu 
in an excited state, comparison of yield: mass curves for M *Pu (n,f,) and ^Pu (s.f.) 
should show the variation in fission modes as excitation of the fissioning nucleus in 
increased from the ground state. Unfortunately, information on high energy neutron 
induced fission of M9 Pu is rather scarce; the available results are shown in Fig. 3. 
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Fig 2. 

(1) CP** spontaneous fission 

(a) L. E Glendenin and E P. Steinberg 1111 

(b) J. G. Cuninghame" 11 

(c) W, E. Nervik 11 ** 

(2) Cm* 4 * spontaneous fission 

(a) L. E. Glendeain and E. P. Steinberg 1101 

(3) U*** spontaneous fission 

(a) W. H. Fleming and H, G. Thode 1 2 3 " 

(b> J. MacNamara and H, G. Thode 1 ” 
jfc) G. W.Wethenll"’ 

1(d) F. T. Ashizawa and P. K Kuroda; 

P. L. Parker and P. K. Kuroda'** 






Fig. 3. 

(!) Pu J »* 14-5 Mev fission and fission spectrum 
neutron fission. 

(a) Y. K. Bonyushkin etal Atomnaya Energna 
10,(1)13.(1961) 

(2) Pu*** thermal neutron fission 

(a) S Katkoff, Nucleonics 18, (11) 201 (19601 








Mass distribution in the spontaneous fission of *"Pu 1491 

Three trends can be observed as the excitation energy of the iissioning nucleus is 
increased. 

Firstly, increasing yields in the trough region indicate increasing preference for the 
symmetric mode of fission. Secondly, increases in the yields of nuclides on the outside 
wings of the peaks show that very asymmetric fission also becomes more important at 
higher levels of excitation. Thirdly, it would appear that fine structure in the region of 
the 82 neutron shell tends to be smoothed out as excitation energy increases. The 
third trend is not so marked because of scanty information at higher excitation 
energies. This type of comparison has already been made, and similar trends observed 
in neutron induced fission of *®*U, although fission in the ground state cannot be 
measured in this case. <28) 


Individual separation and purification methods 

(1) Strontium “Sr: /} ~ 54 day Sr’ 1 . = 9 7 hr The carrier was separated from plutonium after 

growth periods of 5-6 weeks for “Sr, and about one week for “Sr, by passage through a 20 cm x 2 cm 
column of Amberlite CG400 anion exchange resin in a constant boiling HC1 solution The plutonium 
was adsorbed by the resm and recovered later by elution with a 10 per cent solution of hydroxylamine 
hydrochloride in 2 M HC1. 

The strontium was purified by a series of Sr(NO,), precipitations with alternate Nd(OH), scavenges 
followed by BaCI, scavenges, and a final SrCO„ precipitation 

As most of the final solution was needed for source separation, the chemical recovery measure¬ 
ments were carried out on aliquots containing about 5-10/ig of Sr The Sr was determined by 
titration with electrically generated EDTA ion from a solution buffered to pH 10-5 with ammonia. 
The end point was detected by following the potential across a pair of polarized mercury electrodes 
until a sharp rise was observed 

(2) Zirconium “Zr, rj — 17 hr The carrier was separated from the plutonium after growth 
periods of about 1 week by the same procedure as used for Sr The carrier was purified by repeated 
precipitations of barium fluoztnconate from dilute HF, with alternate NdF, scavenges from solutions 
containing hydrazine nitrate to reduce any plutonium still present 

The recovery of the Zr carrier was measured spectrophotometrically'” 1 by comparing the ab¬ 
sorbancy of the quercitin complex at 400 ntyz with standard Zr solutions made by accurate dilution 
of the original carrier solution 

(5) Molybdenum “Mo, li - 67 hr . The carrier was separated from plutonium after growth 
periods of about 3 weeks by precipitation of the Mo a-benzom oxime complex from approximately 
1 M HC1 The complex was destroyed and the Mo purified by adsorption from 4 M HC1 on a 5 cm 

4 cm column of CG 400 anion exchange resin followed by elution in 1 M HC1 This was followed 
by a series of Mo a-benzom oxime complex precipitations interspersed with Fe(OH), and Nd(OH) # 
scavenges 

The chemical recovery of Mo carrier was obtained by measuring the absorbancy of the molyb- 
denumthioglycollate complex at 365 m/i‘”' 

(4) Rhodium Rh"“ t\ - 36 hr The carrier was separated from plutonium after growth periods of 
about todays by the same procedure as used for Sr The carrier was purified by adsorption on a 
5 cm - 4 mm column of CG400 anion exchange resin from 0 1M HC1 followed by elution in 6M 
HCI Further purification was afforded by a AgCl scavenge, followed by a repetition of the ion 
exchange step and finally by precipitation of potassium rhodinitnte 

The chemical recovery of the carrier was determined spectrophotometncally by measuring the 
absorbancy at 480 of the red colour obtained when Rh Cl, is heated with SnCl, in HCI 11,1 

(5) Palladium '“Pd, t\ 13 6 hr The carrier was separated from plutonium after growth periods 
ol about 1 week by extraction of the Pd a-furil dioxime complex into CHClj from about 2 M HCI 
1 he separated complex was converted to the di-ethy! dithiocarbonate complex which was well washed 
and then destroyed The residue was dissolved m 4 M HCI and adsorbed on a 5 cm x 4 mm column 
of CG400 resin and eluted in 1 M NH.OH The eluent was scavenged with Nd(OH)„ acidified and 
scavenged with AgCl PdS was then precipitated, washed and destroyed and the residue dissolved 
m 0 I M HCI for source preparation and chemical recovery estimations 

The chemical recovery was determined by a spectrophotometnc method depending on the colour 
of the palladium-thioglycollate complex at 360-380 m/i ,,2> 

5 Katcoff, Nucleonics 18, (11) 201 (1960) 
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The presence of 21 hr ll, Pd was not observed in the decay of the sources. 

(6) Silver lu Ag, = 7-5 days. The carrier was separated from plutonium after two week growth 
periods by adsorption on a 5 cm x 4 mm column of CG400 resin from 4 M HC1 which was then 
well washed with dilute HC1 to remove as much plutonium as possible. The Ag was eluted in 
1 M NH,OH and the eluent scavenged with Nd(OH), to remove plutonium. The carrier was further 
purified by a series of AgCl precipitations with alternate Nd(OH), scavenges and finally by several 
reductions to metallic silver. 

The chemical recovery was determined by a potenttometric titration method depending on 
precipitation of Agl, 1 '*’. 

(7) Cadmium lls Cd t i = 54 hr. The carrier was separated from plutonium after two week growth 
penods by the same procedure as used for Ag. The ammoniacal eluent containing the Cd was buffered 
with ammonium acetate and CdS precipitated The sulphide precipitations were repeated with 
alternate PdS and Nd(OH), scavenges. The chemical recovery was obtained by the microcoulo- 
metric method described for strontium. 

(8) Iodine U1 I, r J = 8 05 day, 1, *I, /$ = 21 hr, '“I, rj = 6 7 hr. In this case very careful pre¬ 
cautions were taken to ensure exchange between the inactive earner and the fission product iodine 
The plutonium was precipitated with dilute KOH, the carrier added as K1 and allowed to stand in 
contact with the hydroxide slurry. At the end of growth periods of about 1 week the K1 was oxidized 
to KIO, with NaCIO and the solution acidified with concentrated HNO, to redissolve the plutonium 
hydroxide. Hydroxylamine hydrochloride was then added to reduce KI0 4 to I, which was extracted 
into CC1« to separate it from the plutonium. The carrier was than purified by an oxidation, solvent 
extraction, reduction, back extraction cycle using NaNO s as the oxidant and NaHSO, as the reduc- 
tant. This stage was repeated several times The final solution was evaporated with dilute NaOH to 
remove the Xe daughter products and the source mounted as Nal It was then possible to remove 
daughter activities m situ simply by wetting the source to redissolve the Nal and re-drying it under 
an infra-red lamp By this means a decay curve of all five iodine isotopes from 131-135 was produced 
without the added complication of growing activities due to Xe 

Graphical resolution of this decay curve could only produce results for the three longest lived 
isotopes, ‘"I, ‘“I and '“I because of the low activity available Computational analysis on the IBM 
7090 was also limited to these three isotopes because of the poor statistics on the early counting 
results. However agreement on m I, l “I and m I, by the two methods of calculation was good and 
the averaged results are presented in Table 2 

The chemical recovery of the iodide carrier was measured by the reverse of the potentiomctric 
titration method used in the silver analysis 1,81 

(9) Barium 140 Ba, rj = 12 8 days The carrier was separated from plutonium after growth periods 
of 5-6 weeks by the same method as used for strontium The purification was also similar to the 
strontium method in that Ba(NO s ), precipitations were alternated with Nd(OH), scavenges The 
final stage was a precipitation of BaCl, from 1 5 ether concentrated HC1 

The chemical recovery was determined as with strontium by the microcoulometric method 

(10) Rare earths ,4, Nd, / J - 11-6 days', 14, Pr t{ = 13 8 days, 14, Ce t J = 32 days The carriers 
for the three elements were separated from plutonium by the ion-exchange method used for strontium 
after long growth periods of at least 6 weeks The separated carriers were purified together through 
a senes of hydroxide and fluoride precipitation stages, and the ion exchange step was repeated using 
a small 5 cm x 4 cm column. At this point Ce was separated from Nd and Pr by precipitation of 
Ce(IO,),. The cerium was further purified by repeated lodate and hydroxide precipitations and by a 
final repeated ion exchange step 

The Nd and Pr fraction was found to carry the bulk of the ,4l Am grown in from ,4, Pu and this 
was separated by adsorption on a column 10 cm x 1 cm of CG400 resin heated to about 7 0°C from 
a saturated solution of LiCl in 0 5 M HCI The rare earth carriers were precipitated from the eluent 
as hydroxides with gaseous ammonia. Separation of the Nd and Pr was effected by cation exchange 
on a 20 cm x 6 mm column of Zeocarb 225 cation exchange resin in a trichlorethylene vapour-jacket 
using a hydroxy iso butyric acid adjusted to pH 4’00 with NH,OH as the eluent. Nd and Pr oxalates 
were precipitated from the eluent, the oxalates were destroyed and the residues dissolved in dilute 
HNO, for source preparation. 

Chemical recovery of carriers were determined microcoulometrically as with strontium except 
that the mercury E.D.T A. electrolyte is buffered to pH5 using sodium acetate for these estimations 

Acknowledgements —This investigation was made possible by the loan of the enriched ,40 Pu sample 
from the Tripartite Nuclear Cross-Sections Committee and the U.S.A.E.C. The authors appreciate 
the guidance of Dr*F Morgan and thanks are due to Mrs. R. C. Jeffrey and Mr. K.. Steed (or 
assistance m the practical work and to Dr. A Brickstock for help m computing the results 
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Abstract—Alpha (the ratio of neutron capture to fission) for 2a5 U has been measured at nine different 
points along a flux scanning tube of the reactor PLUTO Experimental values for & varied from 
0 178 to 0-189. Correcting all the results to 2200 m/sec neutrons gave a mean value for a„ of 0-1725 
j- 0 0034 (standard error), a result in excellent agreement with present recommended values 

It is of great importance to have precise values for « (the ratio of neutron capture to 
fission cross-sections) for each of the primary fissile nuclides, since, by means of the 
relationships a A — (1 ± a)<x F and v = (1 + <*)»?, these either lead to improved pre¬ 
cision in other nuclear parameters, or are instrumental in either confirming or dis¬ 
proving the reliability of high precisions which may be already claimed for them. Thus, 
for example, direct measurements of the thermal fission cross-section of have 
resulted in a mean value which has a standard error of ±0-85 per cent, whilst direct 
measurements of the thermal absorption cross-section give a mean value whose stan¬ 
dard error is ±0-53 per cent;* 1 ' since, however, at for m U is about 0-173, it follows 
that if a is known to better than only 4 5 per cent, a more precise value for the fission 
cross-section is obtained by means of the expression o F = o A /( I + a) than is obtained 
by direct measurement. 

« for “'ll has been measured several times before this present determination. 
Nearly all such measurements have involved irradiations in a reactor flux of high 
intensity and, apart from additional errors due to special circumstances, e.g. imprecise 
determinations of the number of fissions, inadequate “burn-up” of the sample, self- 
shielding by the sample due to its thickness, contamination of the sample by natural 
uranium etc., there is an uncertainty common to all these measurements. This is that, 
since little attempt was made to characterize the neutron spectra in the irradiation 
positions used, it is not possible to calculate a 0 (the value for 2200 m/sec neutrons) 
precisely from the experimental values The main purpose of the present measurements 
was to determine a. for several well-defined neutron spectra in order that errors arising 
in this way could be reduced. In addition, by carefully choosing the composition of the 
target material and by ensuring that it was irradiated for a sufficiently long time that 
its composition was altered appreciably (approximately 20 per cent of the 236 U “burnt- 
up”, 3-4 per cent converted to 23C U), the measurement of the changes brought about 
by irradiation was made both simple and precise. 

Microgram quantities of a mixture of enriched 236 U and enriched 23 *U, dispersed in 
an inert powder to minimise neutron self-shielding, were irradiated at several points 
along an aluminium tube which served as a high-flux irradiation position of the reactor 

111 N. G. SidSTRAND and J S. Story, Nuclear Data for Reactor Design, Vol 1. Pergamon Press. To 
be published 
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PLUTO. Monitors were attached to each sample to measure the integrated neutron 
flux it received. Immediately after the irradiations had been completed the neutron 
i temperature, i.e. the temperature corresponding to the modal velocity of the Maxwel¬ 
lian component of the neutron flux, and the epi-thermal index (which is a measure of 
the intensity of the epi-thermal neutron flux to the thermal flux) were measured at 
several of the irradiation points, and this information, together with a knowledge of 
the depletion of^U and the formation of m U in the samples (both measured relative 
to 138 U by means of a mass spectrometer), was used to calculate a, the effective alpha 
for the reactor spectrum and from this, oq,. 

CALCULATIONS 

Let us suppose that a target material is chosen in which the initial numbers of 
atoms of I34 U, ^U, m U and 238 U are N 4i0 , N i 0 , N eo and N B 0 respectively, and that, 
after irradiation in an integrated flux of i neutrons per cm 2 (/ is the product of the 
average conventional flux (nt> 0 ) and the time), the corresponding numbers are N t , N r , 
N B and N s . Let us define R v R 2 . . . etc as follows:— 

= ^2 = NJN g , R 3 — A/j o/A^ q, R i = NJN„ R b ~ N e o /N s o and 

R «= NJN B . 

Then it can be shown that 

R$ — R 3 exp (£ a S B )i -f ex P ~ *Sj V — ^ 4 ] 

+ [^s/O^s ^e)][ ex P (^s — § 6 )i — exp (^ H — £ 4 )f] (I) 

in which S. t , S b , S e and S 8 are the destruction cross sections of ^U, m U, 236 U and 238 U, 
ir 4 and ar 5 are the capture cross sections of 234 U and 236 U and the circumflexes indicate 
effective values in the reactor flux chosen. Since, however, the fission cross-sections of 
S34jj, 83«u an( j 238y are negligible compared with their capture cross-sections and, since 
the radioactive decay constants of all the uranium isotopes which have been referred to 
are very small, Equation (1) can be simplified to 

Re = Rs e x P (<?8 ~ <*«)' + [aJa A , 5 - (7„)][fl 3 exp (d 8 - o B )i - « 4 ] 

+ [<* 5 /( 5 a.5 - - ff 6 )l [exp (<7« - o 8 )i - exp (<r 8 - <r 4 )i] 12) 

in which <r Ai5 is the effective neutron absorption cross-section of ““U and all other 
cross-sections are for neutron capture. 

To determine the quantity 6J(6 A 6 — d 6 ) from Equation (2), then, it is necessary 
to know Ry > R& R t , R 6 , R b , d K , o 6 , o 8 and /. The atomic ratios can all be determined 
by mass spectrometric measurements and 1 can be determined by means of a suitable 
monitor (cobalt was used m this case). The effective capture cross-sections, however, 
will vary with the neutron spectrum chosen so, in order to calculate these from their 
2200 m/sec values and the resonance integrals of the nuclides concerned, it is necessaiy 
to know the neutron temperature and epi-thermal index of each irradiation position 
We hpve determined these in the present experiments by the simultaneous irradiation 
d$hree monitors, i.e. M Co (which is most sensitive to the thermal component of the 
reactor spectrum), 238 U (which is most sensitive to the epi-thermal component of the 
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reactor spectrum) and u *Sm (which is sensitive to neutron temperature). The formulae 
derived by Westcott et al. w were then applied to obtain the desired results. 

Having obtained the quantity ff 6 /(d A . 6 - a s ), this can be set equal to &d Aig /(l + &) 
(d AiB — d a ) and hence, given a AS , k can be found. The effective absorption cross- 
section of “‘U can be obtained from the 2200 m/sec value which has been measured 
precisely and independently of either a 0 or the fission cross-section. 

EXPERIMENTAL DETAILS 

The experimental techniques used in this work were similar to those which have been described 
in a previous publication 1 * 1 so only an outline will be given here. 

I, Mass spectrometrlc measurements 

All mass spcctrometric measurements were made using an A EI Type M.S.5 mass spectrometer, 
which is a 90° sector instrument of 12 in radius For each isotopic analysis about 10 fig uranium 
were mounted on one of the side filaments of a tungsten triple-filament surface ionization source and, 
with centre and side-filament currents of about 6 A and 2 5 A respectively, the mass spectrum was 
scanned using an eleven-stage Be-Cu electron multiplier detector and a d c amplifier. The usual 
assumption was made that the electron multiplier produces the same number of secondary electrons 
for ions of equal velocity, and the experimentally observed isotopic ratios were corrected accordingly. 
Campbell and Whittem have shown 1 * 1 that such a correction reduces errors arising from electron 
multiplier discrimination to less than 0 1 per cent per mass unit Experience in this laboratory 
supports this conclusion 

2 Target material 

A stock solution of target material was prepared by mixing 93 per cent 256 U with highly enriched 
is 'U (>99 995 per cent) and aliquots were taken for examination in the mass spectrometer. In order 
to eliminate possible errors arising from source variation, eight different sources were prepared and, 
for each source, at least twenty consecutive measurements were made of each of the isotopic ratios of 
interest. The results for each source were then averaged and the averages weighted proportionally to 
the reciprocal of the square of their standard deviation (usually about one per cent or less) to give 
final weighted means In this way R u R, and /? 6 were found to be 0 05978 ± 0 00014, 5 0811 ±0 0047 
and 0 00908 -1- 0 00017 respectively, where the error quoted in each case is the standard error of the 
weighted mean This particular ratio was chosen for R, so that after irradiation R t would approxi¬ 
mate to 1 //?,, thus minimizing the random errors which could otherwise arise in the measurement of 
either very large or very small ratios Ideally both R x and R b should be zero but the sample of 
enriched ‘**U used for the measurement was the purest available. 

The samples for irradiation were prepared as described previously; 151 approximately 100 /tg 5,S U 
dispersed in about 10 mg magnesium oxide was used in each case 

3 Irradiations 

The preparation of 5, Co, 2M U and I15 Sm monitors has already been described 151 

The aluminium flux scanning tube attached to the side of the fuel element number B4 of the 
enriched-uranium, heavy-water-moderated, high-flux reactor PLUTO was used for irradiations. Ten 
samples, each with a cobalt monitor attached, were packed in separate irradiation cans, strung 
together, and lowered into the flux scanning tube They occupied a total of about 23 in. of the length 
of the tube and were all below the heavy-water level in the reactor. The samples were irradiated m 
this position for 47 days. 

Immediately the irradiation of the samples had been completed a string of ten cans, some of which 
contained monitors, were lowered into exactly the same positions the samples had occupied and were 
irradiated there for two days Numbering the cans from the top downwards, cans 1, 5 and 9 con¬ 
tained **'U and “Co monitors and cans 3 and 7 contained u, Sm and “Co monitors; the other cans 

C H Westcott. W H Walker and T. K Alexander, The Proceedings of the Second Inter¬ 
national Conference on the Peaceful Uses of Atomic Energy, Geneva 1958. P/202 UnPed Nations 

(1959). 

11 M. J Cabell and L J. Slee, Reactor Science and Technology 16, 195 (1962) 

B L. Campbell and R. N. Whittem, J Sci Instrum. 38, 516 (1961). 
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were empty. At exactly the same time these monitors were being irradiated, identical irradiations 
were also being carried out in a similar flux scanning tube of the reactor. 

4. Post-irradiation treatment 

The post-irradiation treatment given to both the samples and the “Co, ,,8 U and 14 *Sm monitors 
was similar to that described elsewhere. 1 * 1 


RESULTS 

The quantity which is obtained from each monitor is the equilibrium rate of the 
corresponding neutron capture reaction, e.g. for “Co this is *s* the number of atoms 
of ®°Co formed per second per “Co atom irradiated. These reaction rates can be 
expressed as the product of the 2200 m/sec flux and an effective cross-section and the 
latter, in turn, can be expressed in terms of each 2200 m/sec cross-section by using 
Westcott’s equation* 41 


o - ° 0 (g + «) (3) 

which, in the case of a 1/r absorber, becomes 

a = <r 0 + r 2V(477ir7V) (4) 

in which 27' is the reduced resonance integral, i.e. the usual resonance integral with 
the l/v contribution subtracted, and T is the neutron temperature. 

By adjusting all the appropriate literature values relative to the gold and Harwell 
boron cross-sections and other reference nuclear data recommended by Sjostrand 
and Story* 11 , we have derived the following expressions for the “Co, 238 U and 14B Sm 
reaction rates respectively: 

* 59 - - K36 1 ± 0-5) + (311 ± 1 3)r\/(4TlnT o )](nv u )\0 2A (5) 

* 8 = (nv 0 )6 e = [(2-72 +. 0-04) + (281 ± 9)ry,'(4TlirT 0 Mnc 0 )l<y-" (6) 

*ue = (nt'o)a ut = (4-290 ± 0 054) IO 20 (g MB + rs U0 )(rw 0 ) (7) 

In deriving these equations the data quoted by Eastwood and Werner* 51 and 
Johnston et al. w for the resonance integral of “Co, by Story* 71 for the thermal cross- 
section of “Co, i.e. 37-2 barns, by Eastwood and Werner* 61 for the self-shielding 
factors to be applied to cobalt wires, by Westcott* 91 for the thermal capture cross- 
section and resonance capture integral of “HJ and by Aitken and Cornish* 101 foi Ihe 
effective capture cross-section of 149 Sm, have all been taken into account. 

By means of equations (5), (6) and (7), and the tables given by Westcott* 81 for g 
and s for M9 Sm, the neutron temperature and epi-thermal indices could be obtained 
for the positions monitored. The neutron temperatures found in this way were 124 
and 93° in positions 3 and 7 of the flux scanning tube used for the irradiations, and 
107° and 106° in the same positions m a similar tube; in practice the average value. 

<i ’ T. A. Eastwood and R D. Werner, Atomic Energy of Canada Ltd , Report Cl-207 (Unpub¬ 
lished) (1959). 

F. J. Johnston, J Halperin and R W. Stoughton, Reactor Science, 11, 95 (1960) 

171 J. Story, Private-communication (1962). 

1,1 T. A. Eastwood and R D. Werner, Trans Amer Nucl. Soc 4, No. 1 61 (1961) 

* ,) C. H. Westcott, Atomic Energy of Canada Ltd., Report CRRP 960 (3rd Ed. corrected) (I960) 
«> 01 1C L. Aitken and F W. Cornish, J. Inorg. Nucl. Chem. 17, 6 (1961). 
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i.e. 108°, was used throughout. The epi-thermal indices determined for positions 
1,5 and 9 are listed in column 2 of Table 1; the other values given there were obtained 
by interpolation. 

Table 1 summarizes all the results obtained in this series of experiments (note, 
sample 6 was lost). The headings A, B and C of columns 6, 7 and 8 of the table stand 
for the three terms R 6 exp (er 8 - a 9 )i, [R a exp {a g - o t )i - R t ) and - ff 6 )] 

[exp (ff 8 — <T 8 )t — exp (<7 g — dji] on the right hand side of equation 2. In computing 
these terms we used the expressions: 


d 4 = [(105 ± 4) + (653 ± 70)/V(4r/777%] barns (8) 

and <r« = [(5-55 ± 03) + (295 ± 25)r v / 47’/7r7’ 0 )] barns (9) 

which were derived from the data quoted by Hughes et al. m) and Stoughton and 
Halperin' 1 * 1 for the thermal cross-section and resonance integral of *“U and by 
Cabell et a/. (1S) for the corresponding parameters for 236 U; again the literature 
values were adjusted to recommended values 111 for the cross-sections of reference 
nuclides. 

The values of R i and R 9 quoted m the table were obtained by preparing duplicate 
sources from each sample of purified, irradiated uranium, making at least twenty 
consecutive measurements of each isotopic ratio of interest for each source, averaging 
the two sets of results and weighting the averages proportionally to the reciprocal of 
their standard deviation. Agreement between the duplicate averages was good and 
differences were usually less than one part in two hundred. 

As mentioned previously, to obtain a from the factor cr 6 /(<r A . 5 — o„) it is necessary 
to know <r A-8 . We have obtained this by using the 2200 m/sec value recommended by 
Sjostrand and Story, U) i.e. 680-5 ±29 barns, and the tables given by Westcott <>) . 
The latter have also been used to calculate Og from a by means of the expression: 


* - ! 
+) — * 


rs r ) 


(gy + rs y) 


00 ) 


m which the subscripts/and y imply fission and neutron capture respectively. 

The nine results for a® given m Table 1 have a mean value of 0-1725 with a standard 
error of ±0-0012. This error, which is entirely random in origin, arises largely from 
variations in the recorded mass spectrometnc ratios. Systematic errors are small also 
since it is clear that very large errors can be tolerated in the cross-section values used in 
the calculations without affecting the result appreciably. Thus, we have calculated that 
the errors quoted above in Equations (5)—(9) result in a 50 per cent error in (<r 8 — cr„) 
and a 5 per cent error in (<r 8 — <r 4 ), but that these, combined with errors in the 
integrated flux, result in uncertainties of only ±0-07 per cent and ±0-3 per cent in 
exp (o 8 — <J 8 )i and exp (o 8 — <r 4 )i respectively. The corresponding uncertainties in 
A, Band C of Table 1 are ± 1-9, ±0-4 and ±7 per cent respectively but, of these, the 
effect of the first and the last on ff 5 /(<r A;6 - 5.) is negligible. The corresponding error 
in <T s /(d Ai5 —u 6 ) is ±0-5 per cent, and since that on ff A , 5 /(d A>5 — <r 6 ) is ±0-3 per cent, 
the uncertainty in a/(l + a) becomes ±0-8 per cent, and that in a, ±1-0 per cent. 

D. J. Hughes, B. A. Magurno and M. K. Brussel, BNL 325 (2nd Ed.), Supplement No. 1 (I960). 
" Sl R. W. Stoughton and J Halperin, Nud, Set Engng. 6, 100 (1959). 

"" M. J. Cabell, T. A. Eastwood and P. J. Campion, J. Nuc! Energy 7, 81 (1958). 
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Table 2.—The capture to fission ratio of 1M U for slow neutrons 


Reference 

a 

«0 

Weight 

Comments 

Deutsch et 

0 188 ±0 012 

0 173 ±0 012 

0 02 

Mass spectrometry, with radio¬ 
chemical determinations of 
no. of fissions. Small burn-up 
in Oak Ridge reactor. 
»«U/*“U ~0-03% 

Deutsch et al ,l4 ' 

0 188 ±0 017 

0 172 ±0 017 


As above Irradiation in Han¬ 
ford reactor, Washington. 
™‘U/“ S U ~0 2%. 

Williams' “> 

0 177 ± 0 006 

0 165 ± 0 007 

10 

Similar to this work. Irradiation 
in Hanford reactor to give 
"”HJ/ aM U ~2%. 

Kanne et al 

0 174 ± 0 026 

0 165 ± 0 026 

01 

Irradiation m NRX, Chalk 
River No. of fissions esti¬ 
mated crudely by a radio¬ 
chemical method. 

Tingey and 

Vance' 1,1 

0 184 ±0 012 

0 177 ± 0 0J2 

03 

Irradiation in MTR, Idaho 

Craig et a/"* 1 

0 194 ± 0 002 


07 

Sections of fuel elements highly 
irradiated in NRX Analyses 
by mass spectrometry and a- 
spectrometry 

Bkiham et a! 

0 187 „ 0 003 


Cocking 1 ™' 

0 172 1 0 022 



Measurement of (1 ± a) with 
nearly monokinetic neutrons 
of 0 0011 EV 

Safford and 
Melkonian 1 " 11 

0 171 J- 0 009 

0 159 i 0 014 

09 

Measurement of (1 ± a) with 
neutrons or 0 00291 eV 

Cornish' 11 " 

0 200 i 0 008 

0 189 4 0 008 

05 

Irradiation in DIDO. Harwell 
,M U burn-up measured rela¬ 
tive to low abundance sa ‘U 
and from gross fission product 
■/-radiation 

Weighted 

mean 

0 1714 * 0 0077 




mi M Deutsch, M Kahn and J A Miskcl, Report LA 511 (1946) 

11,1 D Williams, Report LA 512 (1946) 

W R Kanne. H B Stewart and F A V/mn, The Proceedings of the First International Con¬ 
ference on the Peaceful Uses of Atomic Energy, Geneva . 1955 P/595 United Nations (1956) 

11,1 F H. Tingey and F P. Vance, U S A E C‘.Report, TID 405 (1955) 

D S Craig, G C Hanna, D G Hurst, S A Kushneriuk, W B Lewis and A G Ward, The 
Proceedings of the Second International Conference on the Peaceful Uses of Atomic Energy , Geneva, 
1958 P/205 United Nations (1959) 

C B Biciham, G C Hanna and P R Tunnicliffe. Atomic Energy of Canada Ltd , Report 
CRR 861 (1959) 

,!<l1 S J Cocking, J Nuct . Energy 6, 285 (1958) 

l; " G J Safford and E. Melkonian, Pliys Rev 113,1285 (1959) 

F W, Cornish Private communication (1960) 
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A possible error of ±5 per cent in r is reflected as only ±02 per cent in the 
calculation of Xg from x. If we allow for this possibility and sum up, we conclude that 


possible systematic errors in olq arise as follows: 

from the calculation of a ±1-0% 

from the calculation of from a ±0-2% 

from mass discrimination in the mass spectrometer ±0-1 % 

Total ±1-3% 


and therefore that xg for “U is OT725 ± 0 0034 (the only error not included in this 
result is any which might arise from using Westcott’s tables to obtain xg from a). 

CONCLUSIONS 

SjOstrand and Story' 11 have collated all reported measurements of alpha for i3s U 
up to early 1961. Their results are reproduced in Table 2, columns 3 and 4 of which 
give, respectively, the value of Xg Sjostrand and Story have computed from each ex¬ 
perimental result, and the weighting factor they have applied to these values to obtain 
a final mean. It will be noted that the reported values for a vary considerably (from 
0-200 to 0-171) and that this is reflected in the corresponding values for a 0 (0-189-0-159). 
The weighted mean for a,, obtained from Table 2 is 0-1714 ± 0-0077, a result which 
does not take into account the recent values obtained by Jones et al . (K>) and by 
Hanna' 24 ’, i.e. a,, = 0-173 ± 0 004 and 0-177 ± 0 004, which were not available at 
the time. 

Taking the data of Table 2 and all the other known data for 235 U into account, 
Sjostrand and Story arrive at a “recommended” value for a,, of 0-1734 ± 0 0050, 
this compares with the present “world consistent set” value of a„ = 0 174 ± 0 010 
quoted by Hughes et al . m) 

The value obtained here, i.e. Xg = 0-1725 ± 0-0034, is in excellent agreement with 
both the mean obtained from previous determinations, the value recommended by 
Sjostrand and Story and the world consistent set value. 

Acknowledgement —Grateful acknowledgement is made to N. G Sjostrand and J S Siory for 
permission to reproduce Table 2, and to D Avery for his help with the mass spectrometric measure¬ 
ments. 

,,,) R W. Jones, M. Lounsbury, G. C. Hanna and R G Hart. Private communication (1962) 

G. C Hanna, Private communication (1962) 
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deposition of various radioactive elements on 

THE SURFACE OF THE PLATINUM ANODE 

I. Madi 

Physical Chemical Institute, University of Sciences 
L Kossuth, Debrecen 

(Received 21 February 1962, m revised form 14 May 1962) 

Abstract— The anodic deposition of 404 T1, ’“Ce, *"Y, »’»Yb, li! Pr, 14! Pm and “’Ho were investigated 
as a function of time, with special consideration of ,0 ‘T1 and ,44 Ce. These studies show that when 
these atoms are anodically deposited, a plot of the equilibrium distribution coefficient as a function of 
the applied voltage passes through a maximum The number of active centres on the surface of the 
platinum anode was determined for the anodic deposition of * M TI and 14, Ce by the isotherm method. 
A plot of the number of active centres as a function of the applied voltage also gave a curve with a 
maximum The effect of hydrogen ion concentration was also investigated and a linear relation 
between the pH and the logarithm of the number of active centres found Investigation of the deposi¬ 
tion of *“ 4 T1 on platinum from a solution containing hydrogen peroxide shows that the chemisorbed 
oxide layer, which develops on the platinum anode, plays an important role in the anodic deposition. 

The theory developed by Imre 0 - 2 ’ of the thermodynamic and kinetic behaviour of the 
transitory layers, which develop at the solid-liquid interface, offers substantial help in 
the kinetic study of the electro-deposition of radioactive elements The experience, 
which we have gained in our Institute during such studies, l31) offers the possibility of a 
better understanding of the complicated process by which the radioactive atoms are 
anodically deposited. 

Radioactive elements are deposited on the surface of platinum anodes m the form 
of oxides or peroxides and the nascent oxygen, which is formed by the deposition of 
the hydroxyl ions at the anode, has an important role in the process for two reasons: 
on the one hand, it can take part in the oxidation of the radioactive element itself, 
while, on the other hand, it passivates the surface of the platinum anode by forming a 
chemisorbed oxide layer, which plays an important part in binding the radioactive 
atoms In this communication some experience gained during a kinetic and static 
study of the anodic deposition of some radioactive atoms will be described. An 
electrochromatographic method 16 6) based on these experiments has been developed 
and has been applied successfully to the separation of radioactive elements in a 
carrier-free state. 

EXPERIMENTAL RESULTS 

Many of the experiments were carried out with preparative ends in view, but they 
gave results which are also noteworthy from the viewpoint of the general problem of 
the anodic deposition of radioactive elements Experiments were carried out with 
asymmetrically arranged platinum electrodes as used by Imre. 

L Imre, KolloidZschr 154, 119 (1957) 

L Imre, Kolloid Zschr. 166, 122 (1959) 

1,1 L Imre and G. Fejes, Ada Vmv Debrecen 3, 176 (1955) 

1,1 L Imre and G. Fejes, Acta Unm Debrecen (In press) 

ISI 1 M xdi, Naturwlssenschaften 48, 155 (19611 
1,1 I MI.nl, J Inorg Nucl Chem. 22, 169 (1961) 
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The method used was described in a previous communication:' 6 * all experiments 
were carried out under similar conditions. The purity of the radioactive substances 
used was determined in every case by radioanalytical measurements. The active 
material was available in each case as a 20 ml nitric acid solution of 0-01 N, 0*001 N or 
0*0001 N concentration. The surface of the platinum anode was 3*14 cm®, the needle 
cathode had a surface one hundred times smaller. During electrolysis the solution was 
thoroughly mixed. The voltage applied in the experiments in this paper was so low 
that no radioactive substance was deposited on the needle cathode. 



Fio. 1.—(d) Anodic deposition of 2,N T1 as a function of time at various applied voltages 
(a) 0 8 V, 0 03 mA, (b) 1 0 V, 0 07 mA, (c) 1 2 V, 0 12 mA, 

(d) 20V, 0 20mA, (e) 3-0 V, 0 44 mA, (f) 40V,075mA 
(b) Anodic deposition of 1,4 Ce as a function of time at various applied voltages 
(a) 0 8 V, 0 12 mA, (b) 1 2 V, 0 50 mA, (c) 3 0 V, 0-9 mA, 

(d)4 0V, 18 mA; (e) 5-0 V, 2 8 mA 

Fig. la shows results for the anodic deposition of ^Tl as a function of time foi 
various applied voltages. Each point in Fig. la was obtained with a fresh 0 001 N 
nitric acid solution of ®°*T1 and regenerated electrodes. The amount of radioactive 
substance deposited on the anode (x) is expressed as a percentage of the total amount 
of radioactive substance in the system and presented as a function of the time of 
electrolysis (f). Fig. la shows that the anodic deposition of ^Tl leads to an equili¬ 
brium at all voltages. The equilibrium distribution coefficient (x/1 — x) x is a function 
of the applied voltage showing a maximum. 

As,shown in Fig. lb similar results were obtained for the anodic deposition of 
l44 Ce: the distribution coefficient reaches a maximum at a given applied voltage 
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(The 144 Ce was anodically deposited from a 0 01 N nitric acid solution. Radioactive 
measurements were always carried out about 180 minutes after the end of the 
experiment, so that the 144 Ce deposited on the anode as well as that left behind in the 
solution should reach a state of equilibrium with the daughter lt4 Pr.) 

The dissolution of the m Tl deposited on the surface of the anode was also observed 
as a function of the time. Electrolysis of 20 ml of 0 001 N nitric acid solution con¬ 
taining the ^Tl was continued until equilibrium (50 min). The electrodes were then 



Time, min 


Fig 2 —Dissolution of * 01 T1 deposited on the surface of the platinum anode as a 
function of time, tn (a) 0 0001 N, (b) 0 001 N nitric acid solution 


lemoved from the solution and the activity of the anode was measured. The platinum 
strip used as anode was then immersed in either a 0-0001 N or a 0-001 N nitric acid 
solution, and the solution thoroughly muted. After a predetermined time the platinum 
strip was taken from the solution and its activity measured again The dissolution of 
the ^Tl, deposited on the surface of the anode, was determined as a function of time 
from these experiments. The experimental data of Fig. 2 show that the dissolution of 
the Tl 2 0 3 deposited on the surface of the anode also reached an equilibrium. This 
state of equilibrium might be regarded as a redox equilibrium according to the equation: 

Tl 3 0 3 4 6H+ + 4e- ^ 2T1+ 4- 3H 2 0 


As the “‘TI and 1M Ce preparations at our disposal contained small amounts of 
carrier (c 2Wti — 1*1 X 10 _8 NTINO 3 ; c 144ce — 21 X 10" 8 N Ce 2 (S0 4 ) 3 ) we ex¬ 
amined the effect of the addition of inactive T1N0 3 on the anodic deposition. It was 
found that if labelled TIN0 3 solutions of varying concentration in 0-001 N nitric acid 
are electrolysed at an applied voltage of 3 V, the relative quantity of thallium deposited 
on the anode, which is only a fraction of the thallium present in the system, decreased 
as the concentration increased. The experimental data are shown m Fig. 3a where the 
amount of T1 deposited from solutions of varying concentrations are shown as a 
function of the time. From these results the equilibrium distribution coefficients 
(1 — -v/.v) 1 for the anode can be evaluated and an isotherm can be constructed in 
which values of r/a - 1/K(1 - xjx) n are presented graphically as a function of the 
equilibrium concentration (c) A linear isotherm is thus derived on the basis of the 
Langmuir formula: 



= ! c 4 - I C if c 
z z 


0, then 



( 1 ) 
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Fig. 3 —(a) Anodic deposition of Tl + ions as a function of time during the electrolysis 
of TINO, solutions of varying concentrations (Deposition process followed with ,M TI ) 
(a) c„ = 0 26 X 10~ 7 N; (b) c„ = 0 39 x 10-’ N, (c) r„ = 0 79 x 10- 7 N, 

(d) c, = 1 30 x 10-’ N, (e) c„ = 1 98 x 10-’ N; (f) c 0 = 4 00 x 10- 7 N. 

(b) Anodic deposition of Ce* + ions as a function of time during the electrolysis of 
Ce,(SO«), solutions of varying concentrations (Deposition process followed with 
l44 Ce ) 

(a) c, =011 x 10-’N; (b) c„ = 0 40 x 10-’ N, (c) r„ = 0 55 x 10" 7 N, 

(d) c„ - 0 71 X 10- 7 N, (e) c 0 = 1 36 x 10"’ N, (Q r„ = 1 84 x 10~ 7 N 


where x * is the quantity of radioactive substance deposited on the surface of the anode. 
(1 — x)„ the quantity of the radioactive substance in solution, V the volume of the 
solution, c the equilibrium concentration, z the number of active centres on the 
surface, and C the solution tension of the radioactive substance deposited on the 
surface of the anode. The straight line d in Fig. 4 is the isotherm constructed with the 
help of the equilibrium distribution coefficients which were evaluated from the data of 
Fig. 3a. 

Isotherm measurements were carried out for each voltage value in Fig. la The 
experimental data are presented in Fig. 4. (The electrolyte was 0 001 N in nitric acid 
in all the measurements.) 

Similar results were obtained when the concentration of the solution containing 
144 Ce was increased by the addition of inactive Ce 2 (S0 4 ) 3 . These measurements weie 
carried out in 0 : 01 N nitric acid solution. Fig. 3b shows the experimental data for the 
anodic electrolysis of Ce 8 (S0 4 ) 3 solutions of various concentrations as a function of the 
time. The isotherm constructed from the equilibrium distribution coefficient''. 
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Fig 4 —Isotherms characteristic of the anodic deposition of TF ions at various values 

of the applied voltage 

(a) 0-8 V; (b)10V; (c)12V, (d) 2 0 V, (e)3 0V, (04 0 V. 

evaluated from the data of Fig. 3B, is the straight line b in Fig. 5. Isotherm measure¬ 
ments were also carried out with applied voltages of 1 -2, 4 and 5 V. A Ce^SOJg 
solution (0-01 N in nitric acid) of given concentration was electrolysed at a given 
applied voltage till equilibrium was reached and the isotherms were constructed from 
the distribution coefficients thus obtained (Fig. 5). 

The hydrogen ion concentration of the electrolyte greatly affects the anodic 
deposition of ^Tl and lM Ce. Therefore the effect of hydrogen ion concentration on 
the process was carefully examined. The anodic electrolysis of 144 Ce was carried out in 
nitric acid solutions of varying concentrations with an applied voltage of 3 V in such 
a way that the shift in the equilibrium distribution coefficients, due to the increase in 
the Ce^SOJg concentration of the solution, was examined for solutions of varying pH 
and isotherms were constructed from these data at the various pH values. The results 
are shown in Fig. 6. 

The anodic deposition of some other radioactive elements where no change of 
valency can occur was also examined. It appears from the data of Fig. 7 that ®°Y, 
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Fig. 5 —Isotherms characteristic of the anodic deposition 
of Ce 1 * ions at various values of the applied voltage 
(a) 12 V, (b) 3 0 V, (c)4 0V, (d) 5 0 V 



Fig 6.—Isotherms characteristic of the anodic deposition of Ce’' ions from solutions 
with different hydrogen ion concentration. (Anodic deposition was followed with 1,4 Ce ) 
(a) pH = 106; (b) pH = 210; (c) pH - 3 05; (d) pH = 4-02. 
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Fig. 7 —(a) Anodic deposition of ,0 Y as a function of time, m 

(a) 0-0001 N; (b) 0-001 N nitric acid solution. 

(b) Anodic deposition of (a) l4, Pm, (b) 1,a Yb as a function of time in 0-001 N nitric acid 
solution. 

(c) Anodic deposition of ,4J Pr as a function of time in (a) 0 0001 N, (b) 0-001 N nitric 
acid solution. 

(d) Anodic deposition of ‘""Ho as a function of time in (a) 0 0001 N, (b) 0 001 N nitric 
acid solution. 

I0e Ho, 14T Pm, 176 Yb, 14a Pr are also deposited on the surface of the platinum anode. 
The anodic deposition, both in relation to the time and in its final result is again 
greatly affected by the hydrogen ion concentration of the solution to be electrolysed. 
It is possible to explain the anodic deposition of such elements in terms of the effects 
of the chemisorbed oxide layer, developed on the surface of the platinum anode. 

DISCUSSION OF EXPERIMENTAL RESULTS 
The experimental results show that for each applied voltage an equilibrium is 
reached between the radioactive substance deposited on the anode and left in the 
solution. The system reaches equilibrium as a result of competition between deposi¬ 
tion and dissolution The anodic deposition of the radioactive substance is determined 
by factors determining the time dependence of these processes. At any given time t 
the rate of deposition on the surface of the platinum anode is determined by the 
quantity of radioactive substance still in solution, (1 — x). As in redox processes the 
transfer of electrons is a slow reaction, <7 > not all of the particles reaching the anode 
will be deposited there, but only a fraction corresponding to exp ( E ^ /RT), where 
is the activation energy of the deposition process. The process of deposition can thus 
be described by the following differential equation: 

__t = kjl - x) exp (- —) 

where k x is a constant characteristic of the deposition process. 

T. Erdey-Gruz and M. Volmer, Z Phys. Chem 150, 203 (1930)i 157, 165 (1931). 


( 2 ) 
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If the quantity of radioactive substance deposited on the anode is so small that it is 
not enough to form a monomolecular layer, the rate of dissolution from the surface ol 
the anode will depend on the quantity of radioactive substance deposited on the anode 
by the time t, ( x ) and on the activation energy of the dissolution process, according to 
the following equation: 

where E_ is the activation energy of the dissolution process and k 2 is a constant. 

Thus if the anodic deposition of radioactive substances is treated as the sum of the 
processes and it is noted that 

dx + dx_ 

~dT ~ ~dt (4) 

at equilibrium, then 



and for the overall process: 

|- i 1 “p(-^)[ 1 - x -( L 7 i ). Jr ] ,6) 

Integrating with x = 0 at t = 0 we obtain 

_i_ In [1 - (1 + K)x) = -k x exp (- / (7) 

where [1 — x/x]^ = K, the numerical value of the equilibrium distribution coefficient 
referring to the anode. 

At any given applied voltage and at constant temperature k y exp (— E^jRT) is a 
constant the value of which can be determined if the In [1 — (1 + K)x ] values are 
plotted as a function of time (Fig. 8). From the slope of the straight line obtained the 
numerical value of the rate coefficient of the reaction can be determined. 

From the data of Fig. 8 0-0498 min -1 was obtained for the rate constant charac¬ 
teristic of the deposition of ao *Tl at an applied voltage of 3 V, while the rate constant 
for the anodic deposition of 144 Ce under the same conditions is 0-0636 min -1 . The 
value of the activation energy is being determined in experiments on the temperature 
dependence of the process now in progress. 

Our experimental data presented in Figs, laand lbshow that the value [xj 1 — a],, 
characteristic of the equilibrium distribution between anode and solution, plotted as a 
function of the voltage, gives a curve with a maximum as shown in Fig. 9. 

Experimental data of Figs. 4 and 5 show further that the number of active centres 
on the surface of the platinum anode plotted as a function of the applied voltage also 
results in a maximum. The number of active centres on the surface was calculated 
from the isotherms in Figs. 4 and 5. On the basis of thie Langmuir Equation (1) the 
slope of the isotherm gives the reciprocal of the number of active centres. 

Figs. 10a and lob record the number of active centres calculated from the data m 
Figs. 4 and 5 for various applied voltages. 
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F,a. 8.—Rate curves characteristic of the anodic electrolysis of (a) ,W T1, (b) 144 Ce with 
3 V applied voltage (From the data of Fig. l(A)(e) and I(B)(c)) 



Fig. 9 —Distribution coefficient as a function of the applied voltage by the anodic 
electrolysis of (a) !04 T1, (b) 1,4 Ce. 

Our experimental results can only be interpreted by taking into account the im¬ 
portant role played by the chemisorbed oxide layer, developed on the surface of the 




Flo. 10.—The number of active centres on the surface of the anode as a function of the 
applied voltage during the anodic electrolysis of (a) ,01 T1, 144 Ce 

platinum anodes. The nascent oxygen atoms, provided by the deposition of the OH 
ions on the surface of the anode, passivate the surface of the platinum and a two 
dimensional oxide layer develops as a result of the chemisorption of the nascent 
oxygen atoms. A number of experimental observations prove the existence of this 
oxide layer and the role which it plays in anodic oxidation. Thalinger and Volmer (8) 
were the first to draw attention to these facts. Bowden'*’ and Butler 110 ’ have proved 
the existence of a surface oxide layer by an oscillographic examination of the potential 
changes during the transition from cathodic to anodic polarization. The existence of a 
surface oxide layer has been invoked by several authors' 11 1#) for the explanation of 
oxygen overvoltage. The effect of the passive layer developed on anodic oxidation, 
has also been known for a long time. For instance, the investigation of the elec¬ 
trolysis of sodium sulphide solutions with platinum electrodes has shown' 17 ’ that at ve*y 
low potential values a sulphide layer is deposited on the platinum anode, while at 
higher potentials polysulphides and, at very high potentials, thiosulphate and sulphate 
ions are formed on the anode. The same experiments have also proved that nascent 
oxygen plays a very important role in the formation of thiosulphate and sulphate ions, 

1,1 M. Thalinoer and M Volmer, J phys Chem D 150, 401 (1930). 

F. P. Bowden, Proc. Roy. Soc. B 125, 446 (1929). 

'*•’ F. A. Butler, Trans. Faraday Soc. 32, 427 (1936). 
nl ’ A. Hickling, Discuss. Faraday Soc 1, 225 (1947) 
u, > J. O. M. Bockrjs, J. Chem. Phys 24, 817 (1956). 

M. Becker and M. Breiter, Z. Elektrochem. 60, 1080 (1956). 

<l *' S. Altmans and R. H. Busch, Trans. Faraday Soc. 45, 720 (1949). 

T. Erdey-Gruz and I Safarik,-Ac/<7 Chim. Hung. 13, 159 (1957). 

«•> T. ERHHtGRUZ and I. Vajasdy, Acta Chim. Hung 29, 47 (1961). 

<«> H. GipW, Z. Elektrochem. 54, 540 (1950). 




Deposition of various radioactive elements on the surface of the platinum anode 1511 


because it passivates the surface of the platinum and increases the oxygen over-voitage 
which favours the formation of higher oxidation products. Therefore it seems 
probable that the chemisorbed oxide layer, which develops on the surface of the 
anode, has an effect on the anodic deposition of radioactive substances too. This is 
further confirmed by some of our own experiments. A platinum strip of 3-14 cm 2 
surface, similar to our previous anodes, was heated and coated on one side with 
paraffin. It was immersed in 20 ml solution of 0-001 N nitric acid containing 204 T1 
and 1 -5 % H 2 O a . The solution was thoroughly mixed. After a predetermined time had 



Fig 11 —Deposition of S, "T1 on the surface of the plalinum strip as a function of time, 

(a) in 1 5%H 2 O z solution, (b) on the surface of a previously anodically polarized 

platinum strip 

elapsed, the platinum strip was removed and the activity of the radioactive substance 
deposited on its surface measured Each solution was evaporated in a small platinum 
dish and its activity was measured under geometrical conditions similar to that of the 
platinum strips. Each measurement was carried out with fresh solutions of identical 
composition and with regenerated platinum strips. The relative quantity of the radio¬ 
active 2M T1 deposited on the platinum strip was plotted as a function of time (/). 
According to curve a in Fig. 11, 56 per cent of the radioactive ^Tl present in the solu¬ 
tion at time t — 0 is deposited on the surface of the platinum strip from a H 2 O a 
solution and this deposition process too leads to an equilibrium. The phenomenon 
might be explained by assuming that the catalytic decomposition of H 2 0 2 on the 
platinum strip occurs as a combination of electrochemical processes, in the course of 
which nascent oxygen is formed according to the following equation* 18 201 . 

H 2 0 2 -+ 0 2 + 2H+ -1- 2e- anodic step 

H 2 0 2 + 2H+ 4 2e~ -* 2H s O cathodic step 

""R Gerischer and H Gerischer, Z. phyuk Chm (N F ) 6, 178 (1956). 

"" I) Winkelmann, Z. Elekirochem 60, 731 (1936) 

(s "' J Giner, Z. Elektrochem, 64, 491 (I960) 


H 2 0 2 -h- H 2 0 4- O, 


tKi» 


O , 4- 2H+ 4- 2<?- — H„0 
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The nascent oxygen formed by the decomposition of H s 0 2 also passivates the 
surface of the platinum strip. The platinum oxides formed in this way, just like the 
platinum oxides formed on the anode during electrolysis, are dipoles, the negative 
ends of which are turned towards the solution and these negatively orientated dipoles 
are capable of binding the oxidized radioactive ions. 

BALASCHOWA’s (^1, experiments furnished unequivocal proof of the orientation of 
the platinum oxide dipoles. Her experiments have shown that in the potential range 
in which the oxide layer is formed a minimum in the anion adsorption occurs, that is 
to say the chemisorbed oxide layer developed on the surface of the platinum anode, 
has a retressive effect on the adsorption of the anions. 



ConcentroNon « IO' B N 

Fig. 12 —Isotherm characteristic of the deposition of Tl* ions from a 1 5%H,0, 
solution. (Deposition process followed with ,M T1). 

The isotherm for the deposition of radioactive substances from a H 2 0 2 solution 
onto the surface of platinum was also examined and the number of active centres on 
the surface of the platinum was determined under these conditions. The results are 
shown in Fig. 12. The number of active centres determined from the slope ofthe 
isotherm is z = 0-22 x 10 -9 g equivalent. 

In addition the role of the chemisorbed oxide layer was confirmed 16 ’ by the 
electrolysis of 0-001 N nitric acid solution with the platinum electrodes used in anodic 
electrolysis for 10 min. The circuit was then broken and a quantity of *°*T1 was added 
to the solution. About 26 per cent of the ““Tl was deposited on the surface of the 
previously anodically polarized surface of the platinum strip (Fig. lib). Thus this is 
not an electrolytic deposition, as the circuit was broken prior to the addition of the 
radioactive substance. Since under similar conditions only one to two per cent of the 
®®*T1 were deposited on the surface of platinum strips if it had not been polari/ed 
anodically, this considerable deposition of radioactive substance might be explained by 
the passivation of the platinum surface during the preceding electrolysis of the mine 

'**> N. ilALASCHOWA, Ber. Akad mss U.S.S R. 103, 639 (1955). 
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acid solution. The passive layer remained on the surface even when electrolysis 
was interrupted and then negatively directed dipoles bound the radioactive a04 Tl. 

These results allow us to interpret the behaviour of those types of radioactive 
atoms for which no change in valency can be assumed during anodic deposition. 
According to the data presented in Fig. 7, atoms such as W Y, 178 Yb, 1M Ho, M7 Pm, 
>«Pr, are also deposited on the surface of the anode. In then cases we are dealing 
with simple surface processes without the transfer of electrons. Due to the attraction 
of the negatively directed dipoles formed by the platinum oxides, the radioactive 
substances are adsorbed on the surface. 

The experimental results showing the value of the distribution coefficient changes 
so that maximum is found can be interpreted if the different processes (neutralization 
of OH - ions, formation of an oxide layer on the surface of the platinum anode, 
oxygen production) occurring at the surface of the platinum anodes are known. 
This result can be attributed to the fact that at higher voltages continuous formation 
of oxygen occurs according to the following equation • ,22) 

Pt + H a O Pt - O + 2H+ + 2e~ 

Pt - O + HjO -* Pt + O a + 2H+ + 2e~ 

The oxygen evolved occupies more and more of the active centres on the surface of 
the passive platinum anode and consequently the anodic deposition of the radio¬ 
active substance is suppressed. 

Our experiments have shown that the hydrogen ion concentration of the electro¬ 
lyte has an effect on the anodic deposition as a function of time, on the equilibrium 
distribution coefficient, and on the number of active centres on the surface of the anode. 
This is as expected, because on the basis of experiments carried out by a large number 
of authors 123- a6) with other types of radioactive atoms, it must be assumed that the 
following processes take place m the anode region • 

2T1+ + 3H 2 0 T1 2 0 3 + 6H+ + 4e 

Ce 3+ + 2H 2 0 ^ Ce0 2 + 4H+ + e~ 

Taking into consideration the effect of the hydrogen ion concentration, the numerical 
value of the equilibrium potential may therefore be given as follows : 

*.-*.*- <“»-)• <8) 
or 

Thus in genera] the following relation is obtained between the equilibrium distribution 

1:21 J Giner, Z, Etektrochem. 63, 386 (1959) 

1381 G Hevesy and F. Paneth, Monlash 36, 75 (1915). 

1311 M. Haissinsky, J. Chtm Phys. 30, 28 (1933). 

,1 “ L B Rogers and A. F Stehney, J. Elechtrochem. Soc 95, 33 (1949) 

13,1 M Haissinsky, EUctrochimie des Substances Radtoactmes, Pans (1946) 
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coefficient for the deposition of the radioactive substance on the anode and the 
hydrogen ion concentration of the electrolyte: 

lo g = K - k log (a H + ) (9) 

As shown in Fig. 6 of our previous paper, <8! a linear relation was indeed obtained 
between the logarithm of the equilibrium distribution coefficient and the pH of the 
solution in the case of the anodic deposition of 144 Ce. Further experiments are how¬ 
ever needed for the interpretation of the quantitative relations. 



Fig. 13—Correlation between the number of active centres on the surface of the 
platinum anode and the hydrogen ion concentration of the electrolyte 


The data of Fig. 6 in the present paper show the effect of the hydrogen ton con¬ 
centration of the solution on the number of active centres on the surface of the anode 
From the slopes of these plots z may be calculated. Taking into consideration 
Equations (1), (8) and (8a) the following relation is obtained between the equilibrium 
potential and the number of active centres on the surface - 


DT DT DT 

Ex ~ E\ - In (a }u r + — In C X V - ~ In z x 
vt vF vF 


RT RT RT 

E 2 E 2 ° - — In (%.)' 4 - — In C 2 V -- In : 2 

vF vF vF 


( 10 ) 

(10a) 


The following relation is generally valid 1 

log z = Const — const log (a H+ ) < 11 1 

Qualitatively ihis equation is in good agreement with the experimental data as 
shown in Fig. 13. Further experiments are needed to confirm the quantitative validity 
of Equation (11). 
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Our study suggests the possibility of making use of these observations in pre- 
narative nuclear chemical work, but, we cannot deal with the possibilities in detail in 
1 he present paper. For instance 14t Ce can be electrolytically separated from other rare 
earth type atoms, as about 90 per cent of 144 Ce is deposited from a 0-01 N nitric acid 
solution at 3 V applied voltage on the surface of the platinum anode, while under the 
same circumstances “°Y, 175 Yb, 1M Ho for instance are not deposited. Of the radio¬ 
active species mentioned only about 10-15 per cent are deposited even from a 0*001 N 
nitric acid solution. 

A combination of chromatography and electrolysis has been worked out and has 
been applied successfully in a number of cases. 

Acknowledgement —The author wishes to express his thanks to Prof L Imre for his valuable help 
offered in the course of this work. 
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Abstract— The Szilard-Chalmers reaction has been investigated in a number of crystalline compounds 
with a special effort being made to maintain the temperature at low values during bombardment, 
storage and dissolution Evidence of rapid thermal annealing at moderate temperatures is found.' 
The data suggest that it will for this reason be extremely difficult to obtain reliable information on the 
true yields of the hot-atom processes which occurred before any annealing took place 


Jn two recent, short communications* 1,2 ' the authors presented reasons for under¬ 
taking the investigation of the Szilard-Chalmers reaction in crystals continuously held 
at low temperature during the bombardment, storage and dissolution steps. Evidence 
was presented that annealing reactions were important at, and considerably below, 
ambient laboratory or reactor temperatures. The influence of thermal annealing, in 
several cases, was in fact so great as to vitiate entirely any mechanistic interpretations 
based upon those yields measured at room temperature. 

In the present report, more complete data on these systems, and on a variety of 
others, are presented. The compounds investigated include bromacetic acid, brom- 
acetates, and several oxyanion salts. These data confirm, in general, the fear that many 
retention figures previously reported in the literature actually represent the sum of two 
quantities: an unknown “intrinsic” retention, 13 ' which could only be measured by an 
experiment carried out in toto at an indefinitely low temperature, and an unknown 
increase in retention above this figure due to thermal (and/or radiation) annealing. 


I. EXPERIMENTAL 
1. Preparation of material for bombardment 

Lithium nitrate was recrystallized twice from water, keeping the temperature above 70°C, to avoid 
formation of the trihydrate The anhydrous salt was dried at 120°C and vacuum desiccated over 
Dricnte before use. Potassium permanganate was recrystallized twice from hot water, dried and 
vacuum desiccated over Dnente Potassium chromate and dichromate, and ammonium chromate, 
were the best reagent grade, used without further purification Sodium chromate tetrahydrate was 
prepared by recrystallization from aqueous solutions kept above 30°C, as higher hydrates form below 
that temperature. Chromium trioxide was recrystallizco from water-conc. nitric acid (1.5) solutions, 

* Research performed under the auspices of the U S Atomic Energy Commission, 
t On leave from the University of Belgrade, Yugoslavia 

111 S R VEUKOvid and G. Harbottle, Nature, Land 191, 1287 (1961). 

121 S R Veukovic and G. Harbottle, J Inorg Nucl Chem. 23, 159 (1961) 
l!l K J McCallum and A. G Maddock, Trans Faraday Soc 49, 1150(1953). 
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filtered off and, vacuum-desiccated over sodium hydroxide pellets: stock-bottle material gave identica 1 
results. It was found difficult to recrystallue bromacetic acid, and for this reason, although different 
lots of crystals gave consistent results, the authors regard these results as possibly subject to system¬ 
atic error due to impurities. The procedure was to dissolve the bromacetic acid in ether, pass it once 
through an alumina column and re-evaporate the ether at room temperature, in vacuo. Sodium 
bromacetate was prepared by neutralizing ethanol solutions of bromacetic acid with ethanohc sodium 
hydroxide to bromthymol blue endpoint, avoiding excess base. The product was recrystallized twice 
from water and desiccated in vacuo. Potassium bromate was recrystallizcd from water and 
desiccated. 

All solvents were the purest obtainable grade, and were redistilled before use. It was found im¬ 
perative to purify the acetone used with permanganate from traces of methanol, and this was done by 
dissolving potassium permanganate m the acetone in excess, standing (dark) 24 hr, filtering and 
distilling through a column of 8 to 10 plates. Fresh acetone was prepared every two or three 
days. 

The lithium chloride-water eutectic mixture (designated LiCl in the Tables) has been described 111 

Where irradiated bromacetic acid was dissolved in methanol, an amount of sodium hydroxide 
calculated to neutralize it was present in the solvent. The same was true when it was dissolved in 
water. These solvents are designated MeOH—OH and H,0—OH" respectively m the tables. 


2. Bombardments 

Thermal neutron irradiations were made in the BNL graphite reactor The positions were the 
pneumatic tube (PN 4. flux 4 8 x 10” neutron/cm s sec, Cd ratio ca 100, radiation level ca 10 7 r/hr) 
for irradiations at ambient (see below) or dry-ice temperatures The animal or instrument tunnels 
(flux about 2 9 x 10* neutron/cm* sec, Cd ratio -—120) were used for irradiations at liquid nitrogen 
temperature. 

Fast neutron irradiations of lithium nitrate to produce the M N(n,2n) ls N reaction were made at the 
BNL 60 in. cyclotron (20 MeV deuterons on beryllium) and of sodium bromacetate to give ™”'Br by 
,l Br(n,2n) at the Van de Graaff (800 keV deuterons on tritium) Samples were wrapped in cadmium 
foil to eliminate thermal neutrons 

A few irradiations of potassium permanganate were made in the 3 GeV internal proton beam of 
the BNL Cosmotron [“Mn(p,p3n) 3, Mn] 

All samples were irradiated in the presence of air, in closed ampoules of appropriate materials 

Since the pneumatic tube PN 4 was employed for so many studies, the temperature conditions at 
the irradiation site were directly measured with a thermocouple. It was found that the temperature 
rose in the first 15 secs to — 35"C, in one minute to 48"C, 2 mins to 56"C and from 3 5 minutes onward 
was about 60°C. It is possible that the temperature of crystal samples in their containers did not rise 
quite so rapidly as this 


3. Analytical procedures 

After irradiation, one portion of the lithium nitrate (for a total-activity determination) was weighed 
directly into a counting vial and dissolved The vial was kept sealed to prevent loss of active gases 
Another portion was dissolved m acetone at — 60°C and aliquot portions were (a) evaporated to 
dryness in a stream of nitrogen and (b) treated with sulpharmc acid and then evaporated to dryness 
The sulphamic acid treatment converted recoil-produced NO, or NO, - to gaseous forms which were 
then removed After evaporation, samples (a) and (b) were redissolved and counted Comparison of 
the total activity and (a) samples gave the percentage of active gaseous species, while comparison of 
the total and (b) gave the retention, or percentage of **N present as nitrate Positrons from n N were 
scintillation counted through their annihilation radiations 

Irradiated potassium permanganate was dissolved in acetone at temperatures from +21 to - 95 C 
The solution was filtered through layers of manganese dioxide on a glass frit. Experimentally it was 
found that three such filtrations, using fresh layers of aged MnO, each time, sufficed to remove all the 
separable activity. The MnO, was then treated with cone. HC1 (it was not necessary to dissolve more 
than the surface layer, which contained all the adsorbed activity), Cl, was boiled out of the solution 
and the activity compared with that of the filtrate by scintillation counting of the “Mn (2 58 hr) All 
vessels were checked for s, Mn adsorption on the walls. 

Irradiated chromates dissolved m LiCl-H,0 eutectic mixture were analysed by a modification ol 
the lead chromate procedure previously used.” 1 Ten-rrullilitre aliquot portions of the LiCl-chromum 
solution (which had warmed up to about 0°C) were withdrawn: one was diluted to about 120nil 

Ml G. Harbottle, J. Chem Phys. 22, 1083 (1954). 
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with water containing carrier CifUT) and Cr(VI) (inactive) and a pH of 2 5 to 3 5. Lead chromate was 
precipitated, filtered off and washed, yielding the CrVI fraction of the sample. The second aliquot was 
diluted with 10 ml of water, made basic with NaOH and oxidized with Na,0„ excess peroxide being 
destroyed on the steam bath. The resultant solution was diluted to 120 ml and precipitated as before, 
yielding the total chromium fraction. The lead chromate precipitates were dissolved in nitric acid 
and the “Cr (27 day) scintillation counted, making use of a single channel analyser with samples of 
low activity. 

Sodium chromate tetrahydrate and chromium trioxide which had been dissolved in acetone after 
bombardment were treated as above, except that the acetone was evaporated from the total chromium 
fraction before the NaOH-NajO., oxidation. The glass walls of various vessels were checked for 
adsorption of sl Cr from acetone solutions: none was found. Irradiated potassium dichromate 
dissolved m water was analysed by the usual procedure. 14 ’ 

No solvent suitable for low-temperature dissolution of potassium bromate was found; therefore, 
it was dissolved, after irradiation, in water at ice-temperature and analysed by the paper-electro¬ 
phoresis technique previously employed ,BI 

Irradiated sodium bromacetate was dissolved in methanol at low temperatures and a 10 fi\ portion 
of the solution directly analysed for bromacetate and bromide activities by an electrophoresis tech¬ 
nique. 16 *” The percentage of organic bromide (principally CH,Br e ) activity was determined by extrac¬ 
tion with toluene. ,6 • ,, Where (n,2n) reactions were observed, the 8l ”"Br activity was too low for the 
electrophoresis technique Here a silver bromide precipitation was employed -1 ” the methanol 
solutions were much diluted with water to avoid reduction of silver ion When bromacetic acid was 
dissolved in ether direct electrophoresis could not be used because of the apparent exchange of bro¬ 
mine between bromacetate and bromide. Hence, ether solutions were used only for determination of 
active CH,Br„ which did not exchange ,0l "Br activity was determined by either proportional or 
scintillation counting and 80 Br by scintillation counting. 

In all radionuclide determinations, appropriate corrections for background, decay, and counting 
efficiency were applied. Since several of the low-temperature procedures employed novel solvents or 
reagents, in every case comparisons were made between a standard method for determination of the 
retention and the low-temperature method, with each applied to the same sample of room-temperature- 
lrradiated and annealed material. For a low-temperature method to be acceptable, it was required that 
it give a retention for room temperature annealed material close to the conventional value. 


II. RESULTS 

The experimental results are presented in Tables 1 to 4. Some of these results have 
been given in our preliminary communications. (12 > Unless otherwise noted, figures 
are averages of at least two, and in some cases as many as eight, determinations. The 
bombardment temperatures are nominal, liquid nitrogen being indicated by — 195°C, 
dry-ice by —78, ambient (room) by +25, which also is applied to bombardments in 
PN 4 for 10 or 15 sec (see “Bombardments” above) and 3 mm bombardments in 
PN 4 by +50, nearly the final temperature attained. The “storage” temperature 
applies from the moment of removal of the sample from the bombardment site and the 
dissolution temperature should also be considered as subject to variations of a few 
degrees. Under the heading “Medium” Acet — purified acetone, LiCl = LiCl—H 2 0 
eutectic mixture, H 2 0 — water containing inactive carriers. Ether = redistilled 
diethyl ether, MeOH — redistilled methanol. MeOH—OH - and H 2 0—OH - , 
methanol and water made basic with NaOH, see “Experimental’ Section 1. 

Errors attached to the results in the tables are +0-6 per cent in the chromate 
senes, +0-3 per cent in the bromates, bromacetates and permanganates, about 
±0-8 per cent in bromacetic acid, +1 per cent m lithium nitrate and +4 per cent in 
figures preceded by “ca”. 

a J Jacu and G. Harbottle, Trans. Faraday Soc. 54, 520 (1958), 
b J. Jach, H. Kawahara and G. Harbottle, J Chromatography 1, 501 (1958); 
c G. Harbottle, J. Amer. Chem. Soc 82, 805 (1960). 

E Glueckauf and J. W. J. Fay, / Chem Soc. 390 (1936) 

,:i M Vlatkovic and A. H W. Aten Jr, J. Inorg Nucl Chem. 14, 134 (1960). 
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HI. DISCUSSION 

Comparison with other authors 

If our results arc compared with those of other authors, reasonable agreement is 
found where the experimental conditions are strictly comparable. For example, 
Vlatkovi 6 and Aten < 7) find 56 ± 4 and 49 ± 1 per cent retention for (presumably) 
room-temperature thermal neutron irradiations of bromacetic acid, for the isotopes 
®°“Br and S8 Br. We obtain 53-1 and 47-5 per cent. They have slightly lower results 
than ours for room-temperature sodium bromacetate. Our figures for yield ol 
methylene dibromide agree well with theirs in the case of the sodium salt, but not in 
the acid. 

In the bromates, chromates and permanganates generally good agreement is 
obtained/ 8,4 - 50,8 - 11 * 1 In lithium nitrate Smith and Aten obtained 51 ± 4 per cent 
retention/® 1 we have 53*1 per cent. In chromium trioxide Harbottle and Mad- 
dock , 10) found 79-1 per cent retention against 73-0 here, but the bombardment was 
much longer in the former case. 

Effect of temperature and annealing 

If we examine Tables 1 and 2 it may be noted that all compounds studied, except 
Cr0 3 , showed the same trend to lower retentions as temperatures were held to lower 
values during irradiation, storage and dissolution. This trend has been noted pre- 
viously 111 ' and appears to be very general. As we mentioned in our preliminary 
announcements/ 1 21 it clearly implies that until much more work is done on bombard¬ 
ments and analyses at very low temperatures, one will not have trustworthy data which 
can be used to develop or to test theories (like the “billiard-ball”, <l2) “brush-heap" 1131 
or “hot-zone” <14) models) which are concerned with the interpretation of recoil-atom 
product yields in crystals. If we adopt a Vand-Primak' 151 picture, i.e. that the annealing 
processes are distributed over a spectrum of activation energies, these data imply that 
the spectra are in general so broad that not merely processes which go at or above 
room temperature (£ act 0-7 or 0-8-1 -2 eV) but also processes which go at consider¬ 
ably lower temperatures (0-8 eV in activation energy) are present. Potassium 
permanganate and Na 2 Cr0 4 -4H 2 0 furnish striking examples of this. It is interesting 
that bromine atoms which have recoiled with very high energies show the same trend 
(CHjBrCOONa, (n, 2n) reaction, Table 2). 

If in Tables 1 and 2 one compares the results for the completely room-temperature 
experiments (bombardment temperatures > 25 D C and storage temperature 25 C) 
with the “quenching” experiments (samples quickly transferred to dry-ice after 

«•' H. Sano, Bull. Chem. Soc. Japan 33, 1738 (I9<50). 

<•> R. D. Smith and A. H. W. Aten Jr., J Inorg. Nucl Chem. 1,296 (1955). 

I,#1 G. Harbottle and A. G. Maddock, J Inorg Nucl Chem. 5, 249 (1958) 

a. J. W. Cobble and G. E. Boyd, J. Amer. Chem. Soc. 74, 1282 (1952), 

b. H. Rauscher and G. Harbottle, J. lnorg. Nucl. Chem. 4, 155 (1957), 

c. L. Lindner and G. Harbottle, Chemical Effects of Nuclear Transformations , p 485, Inter¬ 
national Atomic Energy Agency, Vienna (1961). 

d. G. Harbottle, Ibid. p. 301. 

a, » W. F. Libby, J. Amer. Chem. Soc. 62, 1930 (1940). 

"*> J. E. Willard, Ann. Rev. Nucl. Sci. 3, 193 (1953). 

««> a. P. E. Yankwich, Canad. J. Chem. 34, 301 (1956); 

b. L. Lindner. Thesis, Univer»ty of Amsterdam (1958): 

c. G. Harbottle and N. Sutin, J. Amer. Chem. 61, 1344 (1958). 

M ’ a. V. Vand, Proc. Phys. Soc. (London) A 55, 222 (1943), 

b. tp&<PRJMAK, Phys.'Rev. 100, 1677 (1955). 
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• Thennal-column bombardment, flux 6x10* n/cm J sec, Ref 4 
t Single determination, m good agreement with previous results. Reference (4) 
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bombardment at T > 25 C C) one can obtain a measure of the room-temperature 
annealing which follows a hot atom process that also took place at or near room 
temperature. More direct evidence for rapid room-temperature annealing is given in 
Table 4. 

If one now compares, in Table 2, the retentions in the “quenching” experiment on 
sodium bromacetate (R — 26-6 and 18*3 for 8 ® m Br and 82 Br) with those for the dry-ice 
bombardment (/? = 25-5 and 18-1) it is noted that there is little effect of the ambient 
temperature during bombardment upon the yield. The same is true in the fast neutron 
bombardment of this salt (Table 2). 

Annealing effects similar to those presented tn Tables 1 and 2 for the parent 
species (“retention” measurement) are presented in Table 3 for a radiosynthetic 
product, CH 2 Br 2 . Here again yields are found to decrease sharply with decreasing 
temperature. 

The effect of increasing the bombardment time can be seen in the bromacetate 
yields from the sodium salt, if one compares the samples bombarded for 3 min at —78°, 
and annealed at room temperature, +25 for 2 hr (retentions 32-3 and 24 0 per cent, 
Table 4, line 3) with those bombarded for 10 sec at room temperature, and annealed 
the same period (retentions 30-5 and 25 4 percent, Table 2, line 12). Presumably the 
crystal bombarded at dry-ice temperature “stores up” radiation damage, for example 
trapped electrons, which then increase the annealing in the s° m Br isotope on warming 
to room temperature. A similar phenomenon has been observed in the hot-atom 
chemistry of bromine atoms in CaBr^ 18 ’ and Ca(BrO a ) 4 , (17) and in K 2 Cr0 4 . (18> 

Although mechanisms for annealing reactions of hot atoms must necessarily be 
speculative, one can imagine that the increases in BrCHXOO ~ and CH 2 Br 2 yields in 
the various samples are the result of recombinations of bromine atoms with radicals 
such as CH 2 COO and CH 2 Br. Spin resonance techniques have demonstrated the 
presence of CH 2 COOH in y-irradiated crystals of malomc acid (1B) One would 
expect trapped atoms to become mobile in solids at temperatures T(°K) such that the 
reduced temperature T/T m (where 7+ is the melting temperature °K) 0-4~0-6. <2O> 

For bromacetic acid this would be 130-194°K, both below dry-ice temperature, and 
for sodium bromacetate around 160-250°K, a range which is certainly in the range of 
our experiments. By analogy one might envision recombination processes involving 
oxygen atoms in the oxyanion senes 

Isotope effects 

The experiments presented in Tables 2 and 4 show clearly that the two isotopes 
of bromine, 80, "Br and 82 Br, do not behave identically. Jach and Harbottle have 
shown 15 * 1 that in the annealing reactions of bromine atoms m crystalline alkali 
bromates, 82 Br annealed more rapidly than 80m Br, coming to a higher plateau. Since the 
isotopic atoms differ so little in mass, the large differences observed in experiments of the 
kind reported here must come about as a result of the nuclear process being different, 

11,1 J E Willard, Progress Report, University of Wisconsin, dated March 1, 1961. 

Ii; ' A G. Maddock and H. Muller, Trans Faraday Soc 56, 509 (1960). 

A G Maddock and J. I. Vargas, Nature , Load 184, 1931 (1959). 

"" A. Horsfield, I. R Morton and D H Whiffen, Mol Phv\ 4, 327 (1961), 

< * 0) G. C Pimentel, Formation and Trapping of Free Radicals (Edited by A. M, Bass and B. P. Broida) 

pp 75 et seq. Academic Press, New York (I960). 
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i.e. in differing internal conversion of capture y-rays <21) or different recoil energy 
Although the errors are large our data suggest that the largest isotopic differences 
: occur in the least-annealed samples. These larger differences would then be related to 
annealing events having the lowest activation energies, in the Vand-Primak distribu¬ 
tion. We are thus led to believe that here the true initial differences in recoil behaviour, 
i.e. in the environments of the hot-atoms immediately following recoil, with a 
minimum distortion due to subsequent annealing, are reflected. Clearly more work, 
involving experiments in which annealing is followed with greater precision at low 
temperature, is needed. 

IV. CONCLUSIONS 

It would appear from these results, and from others in which low-temperature 
annealing has been noted (U) that, for the time being, we must be prepared to get along 
without any reliable information on the “primitive", or “intrinsic” yields of hot-atom 
reactions in crystals except, of course, where those yields are essentially zero This 
will continue to be the case until new techniques, perhaps utilizing spin-resonance 
measurements at low temperature, can be brought to bear on the question “What 
radioactive species are present after recoil, but before annealing, in a solid?” An 
extension of existing chemical analytical techniques to lower temperatures is also 
desirable, but it will probably prove difficult to operate at sufficiently low tempera¬ 
tures. 

We may, however, continue to study the course of annealing reactions in solids, 
and hope that these studies can be correlated with experiments and theory from the 
field of Solid State Physics, to yield information on diffusion, interstitial-vacancy 
recombination, lattice relaxation, electron traps and related topics. 

<«> S. Wexler and T. H Davies, J. Chem. Phys. 20, 1688 (1952). 
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RADIATIONS FROM SHORT-LIVED RARE GAS 
FISSION PRODUCTS*! 

M. A. WahlgrenJ and W. W. Meinke 
Department of Chemistry, University of Michigan, Ann Arbor, Michigan 

(Received 15 February 1962; in revised form 21 May 1962) 

Abstract—The energies of the primary >'-rays emitted in the decay of 3 2 mm 8 , Kr, 33 sec M Kr, 1-2 
nnn * lm Rb, 41 sec * 39 Xe, and 66 sec 14Q Cs were determined and relative 7 -ray intensities measured. 
Photon per disintegration values were estimated for “*Kr, “Kr, u, Xe and for 9 5 mm m Cs S-ray 
energy endpoints were measured for 8 *Kr, 10 Kr, '“Xe and >“Cs, and lower limits established for the 
decay energies of these nuclides. A simple and rapid gas chromatographic separation which was 
developed for these studies is described 

A SYSTEMATIC study of the half-lives of the short-lived < 5 min) gaseous fission 
products was made by Dillard et al., n> utilizing the collection of the daughter activi¬ 
ties on a charged wire in a gas flow tube, with subsequent radiochemical analysis to 
determine the distribution along the length of the wire They obtained half-lives for 
the krypton isotopes of mass numbers 89, 91,92, 93, 94, 95 and 97, and for the xenon 
isotopes of mass numbers 139, 140, 141, 143 and 144. 

Half-life measurements and /9-ray endpoint determinations for the krypton and 
rubidium isotopes of mass numbers 89, 90 and 91 were made by Kofoed-Hansen and 
Nielsen* 2 ’ by means of an isotope separator They also reported the detection of 
gamma radiations from 90 Rb, 91 Rb and 9I, '*Rb. 

The nuclear characteristics reported in the literature for the nuclides of interest in 
the present study are given m Table 1. 

In the present work, the radiations of several gaseous fission products and daugh¬ 
ters with half-lives in the range of 30 sec to several minutes have been studied by y- 
and /9-ray spectrometry. These data are of considerable interest in the study of the 
fission process, in nuclear level systematics, and in reactor shielding calculations. 


EXPERIMENTAL 

inadiation and sampling 

The gas samples were obtained by irradiation of ~50 mg samples of uranyl nitrate for 10-20 sec 
in the pneumatic tube facility' 8 of ihe 1 MW Ford Nuclear Reactor at the University of Michigan. 

* This work was supported in part by the Michigan Memorial Phoenix Project and by the U.S. 
Atomic Energy Commission. 

t Based in part on a dissertation by M A. Wahluren, submitted to the University of Michigan in 
partial fulfillment for the Ph D. degree in Chemistry. 

t Present address; Chemistry Division, Argonne National Laboratory, Argonne, Illinois. 

111 C R Dillard, R. M. Adams, H, Finston and A Turkevich, in Coryell and Sugarman, Radio ¬ 
chemical Studies , The Fission Products (Edited by C D. Coryell and N. Sugarman) NNES 
Plutonium Project Record p 624. McGraw-Hill, New York (1951) 
l!l O Kofoed-Hansen and K. O. Nielsen, Phys. Rev 82, 96 (1951). 

W w. Meinke, Nucleonics 17, No 9, 86 (1959) ^ J U1 

The instrumentation, techniques, and experimental results are described in considerably more 
detail in the Ph.D. thesis of M. Wahlgren, University of Michigan, 1961 (unpublished); and 
U S. Atomic Energy Commission Report TID-t 1807 (1961) 
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Table 1.—Summary or pertinent nuclear data from the ltterature**' 41 


Nuclide 

Half-life 

E v (MeV) 

E$ -(MeV) 

M Kr 

3-2, 2-6 or 2 5 min 

_ 

4-0, 3-9 

"Kr 

33 sec 

— 

3-2 

M Kr 

9-8,10 or 6 sec 

_ 

3-6 

»'Rb 

15-4, 14-9 or 15-5 min 

Several 111 

3-9, 4 5, 3-8 

*»Rb 

2-7 min 

Several'*' 

5-7 

«“Rb 

1 67 or 1 2 min'*' 

Detected 

46 

’"Xc 

41 sec 

— 

_ 

*«Xe 

16 or 9-8 sec 

— 

— 

lm Cs 

9-5, 10 or 7 mm 

0 630, 1-270 1 ” 

— 

““Os 

66 sec 

— 

— 

1M Ba 

84 or 86 min 

0-163, 1 43 

2-4, 2 2, 0-8 


, * > D. Strominger, J. M, Hollander and G. T. Seaborg, Rev. Mod. Phys. 30, 585-904 (1958). 

'** K. Way (Editor) Nuclear Data Group, Nuclear Data Sheets, National Academy of Sciences, 
National Research Council, Washington. 

A. C. Wahl, R. L. Ferguson, D. R. Nethaway, D. E. Troutner and K. Wolfsberg, U.S A.E C 
Report TID-13127 (1961) 

G. D. O’Kelley, E. Eichler and N. R. Johnson, Paper P/672, Vol. 15, Proceedings of the Second 
International Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958. Paper P/672 Vol 15 
United Nations (1959) 

171 3. Wasson, MIT Laboratory for Nuclear Science, Progress Report, May 31, 1958 (unpublished) 

Sample transfer from the irradiation position to a hood in the chemistry laboratory required three 
seconds. 

The inert fission gases which separate from the gross fission products by emanation' 1 '” were drawn 
from the polyethylene irradiation capsule with the sampling device shown in Fig. 1. Although the 


~5mm Id FILTER 

~ 25 mm long COLUMN 



Fig. 1.—System for sampling fission gas 

emanation from organic uranium salts has been shown to be more quantitative than from the nitrate, 
the small sample size possible with the nitrate is important in this case because of experimental 
conditions. 

Preliminary experiments established that the differences in adsorptivity and in effusion rales 
through the pores of the charcoal were sufficient to accomplish the separation of the submicro amounts 
of gas into kyrpton and xenon fractions. 1,1 The krypton was drawn through the column into the 
syringe while the xenon was retained in the charcoal column. With this system the gas sample could 
be drawn and separated within 15 sec after the end of irradiation. 

The xenon release from a typical column (3-4 mm thick and 7 mm in diameter) left unsealed was 
studied with 9 1 hr m Xe tracer At 25°C and atmospheric pressure the xenon activity decreased bv J 
factor of two each 5 min. Abrupt reduction of pressure by as much as a factor of two across l he 
column in the sampling process was found to lead to carry-through of xenon with the krypton fraction 
Pressure reduction sufficient to give a flow rate of earner gas (air) of 0 1 cm* sec -1 yielded quantitative 
separation under the conditions of these experiments, but limited the minimum sampling time to 
—5 sec. 

By variation of irradiation time, decay time, and by passing the residual gas through paper filters, ii 
was possible to obtain spectra of the various daughter activities as well as those of the longer-lived 

11,1 A. C. Wahl and N. A. Bonner, Radioactivity Applied to Chemistry, Chap. 9. J. Wiley, New York 

(1951). 
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gaseous nuclides. These spectra are necessary for the analysis of the complex spectra obtained with 
the short-lived gases. v v 

Instrumentation and counting techniques 

The dual memory 100-channel pulse-height analyser with associated rapid transfer equipment and 
detectors used in these studies has been described previously '*••> The handling and transfer time from 
hood to counter (from the midpoint of the sampling period to the start of counting) was 12 sec for 
y-ray counting and 24 sec for /3-ray counting samples. 

All y-ray spectra were taken at a standard source distance of 10 cm from the 3 m x 3 in. Nal(Tl) 
crystal using a 2-5 g cm-* Be absorber, with the exception of ,l "Rb which was run at 6 cm due to the 
low counting rate. Sample size was chosen to give at least 75 per cent analyser “live time” to minimize 
spectral distortion. The resolution of the 3 in. x 3 in. crystal was 7'3 per cent at 0 662 MeV. 

The analyser was recycled at 0*5, 5 and 50 min intervals during the decay of the short-lived parent, 
the daughter, and the longer-lived components respectively. Semi-loganthmic plots of these data 
readily show the parent-daughter relationships 

For y-ray spectra of the short-lived xenon fraction the sample was drawn, the charcoal column 
sealed into a polyethylene rabbit , and sent by a secondary pneumatic loop to the counting position 
at the y-detecting crystal. For the krypton fraction a special polyethylene syringe was used which 
could be sealed and utilized as a rabbit for transfer to the counter. 1 * 1 

A 1 in x in. right-cylindrical plastic phosphor was used to obtain /3-ray spectra. Although 
subject to distortion from the ampoules, Compton recoil electrons and the general multi-nuclide 
background, the spectra allow an approximate measurement of the maximum or predominant /3-ray 
endpoint observed in the decay of the short-lived fractions Energy calibration was based on the 
known endpoints of "’Rb (3-9 MeV) and la *Cs (3 4 MeV) daughter activities present in the samples. 
The contribution of Compton electrons was estimated by comparison with a set of similar samples 
counted through a 1 g cm- J Be absorber The calibration was checked with *“Sr — *"Y and “Cl 
sources Due to the difficulty of reproducing the exact geometry, scattering and absorption of the 
experimental samples, it was felt that the most reliable calibration was that obtained from known 
daughter activities in the same samples The reproducibility of the endpoints measured by this 
lechnique is ±0 2 MeV. 

Analysis of data 

Because of the complexity and possible ambiguity of the /3-ray spectra, the quantitative results 
quoted have been derived from analysis of the gamma-ray spectra in the manner of O’Kelley et a/. 1 ” 
The pulse height distribution parameters of resolution, Compton continuum, Compton edge, and 
escape peaks were established from spectra of thirteen nuclides giving essentially monoenergetic y-ray 
spectra, for the energy range from 0 191 to 4 1 MeV. From these parameters additional pulse height 
distributions were synthesized where necessary to provide a reference spectrum at each 0 3 MeV 
interval in the range from 1 to 4 5 MeV. 

Corrections were made where appropriate for the analyser “dead time” and for the time of count, 
if long compared to the half-life Subtraction ot the contribution of the other nuclides observed in the 
decay of the sample was then performed if the contribution to the first spectra was significant. The 
subtraction of each successive gamma ray followed fitting of the top and leading edge from the appro¬ 
priate reference pulse height distribution. In several cases it was not possible to begin with the highest 
energy pieak observed because of poor statistics In these cases the first clearly defined peak in order 
of decreasing energy was used as a starting point. 

For the calculation of relative intensities, peak efficiencies based on the data of Heath 1111 and of 
Wot text et a ! 1,21 were used. Correction was made for attenuation by the /3-absorber based on experi¬ 
mental absorption measurements 

The photon per disintegration rates were derived from analysis of the spectra of the appropriate 
daughter activity. For this determination neither absolute counting nor intercahbration of counters 
is required. The geometry of the source is the same for both parent and daughter, and the relative 
peak efficiencies are well known The accuracy of the calculation is determined by the accuracy of the 
half-lives assumed for the calculation, the error in y-ray spectral analysis, and the validity of the 
literature values for the decay schemes of the respective daughter activities. 

Each of the experiments described in the following section was repeated at least three times. The 
relative abundances were reproducible to within 5 per cent, and the photon per disintegration values to 
tMthm 10 per cent, for the primary y-rays For precise analysis the coincidence summing should be 

R. L. Heath, U S.A.EC Report JDO-16408 (1957) 

1111 E. A. Wolicki, R. Jastrow and F Brooks, Naval Research Laboratory Report NRL-4833 

(1956). 



Table 2.—Summary of experimental data 
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taken into account. This effect was checked experimentally by comparison of spectra taken at 1 and a i 
10 cm. The differences, however, were within the experimental error and have been ignored in the 
data summation which follows. 

EXPERIMENTAL RESULTS 

The experimental data are summarized in Table 2. A brief discussion of the experi¬ 
ments and the y- ray spectra obtained are given in the following section. Due to the 


Fio 2 —Series of y-spcctra of 
8, Kr separated 4 min after end 
of 15 sec irradiation 
Count length. 2 mm 


0 05 1.0 IS 20 25 

ENEROY- MEV 

multi-component nature of some of the spectra and to the poor statistics in counting 
short-lived samples, low intensity y rays present may not have been detected 

Mass assignments have been made on the basis of the agreement with the pre¬ 
viously reported half-lives, as well as the growth and decay of known daughter 
activities. 

1. 3-2 min** Kr - 

The krypton fraction was allowed to decay for 4 min after the separation to reduce 

the contribution of 33 sec ®°Kr to an insignificant level. It was then filtered to remove 

?*■ 
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the *®Rb' and *®Rb formed during the decay period and counted immediately. The 
0-2-5 MeV y-ray spectrum as a function of decay time is shown in Fig. 2. 

A limited number of coincidence measurements were made on ^Kr, and y-y 
coincidences were observed between the y-ray at 215 kev and those at 370, 510,880 
and 1500 keV. No y-rays were observed in coincidence with the 595 keV y-ray. This 
•/-ray was, however, found to be in coincidence with the 4-0 MeV /9-ray component. 
This y-/9 coincidence indicates a value of ~4-6 MeV for the decay energy of “Kr. 
The detection of y-rays of energy up to 4-5 MeV established that there is no appreci¬ 
able (9-ray transition to the ground state of 89 Rb. 



Fig. 3.—Spectrum of 8, Kr after subtraction of a, Rb, 87 Kr and s, K.r. 

The analysis of the complex spectrum into component y-ray lines is shown in Fig. 
3 Due to the large number of y-rays involved, the analysis is necessary but not suffi¬ 
cient to establish uniquely the energies and intensities of the y-ray lines of 89 Kr. The 
background correction for 78 mm 87 Kr and 2-8 hr 88 Kr was minimized by utilization 
of short irradiation and cooling of the sample before the separation. The radio¬ 
chemical purity of the samples was confirmed by separation of the rubidium daughter 
after an initial decay period and establishing the absence of detectable amounts of 
32 mm 1S8 Cs. 
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Fig. 6.—Senes of y-spectra of Xe separated 30 sec after end of 35 sec irradiation. 

Count length ■ 0 5, 5 and 50 min. 

low-lying levels and probably to the ground state of ^Cs. The relative contribution 
of lt0 Xe and 140 Cs which may have been present should have been negligible under the 
conditions of the experiment. 

5. 9-5 min 139 Cs > 

The xenon fraction was allowed to decay for 100 sec, and the residual xenon then 
purged from the charcoal filter with hot air and vacuum. The only y-rays of 5 





Radiations from short-lived rare gas fission products 1537 

ro in half -life detected were those at 630 and 1270 keV previously reported by Wasson .* 71 
The relative intensities were resolved from the spectrum taken at 7-5 min, to allow 
decay of the 66 sec 140 Cs peak at 610 keV as shown in Fig. 7. The photon per dis¬ 
integration values were calculated using the same assumptions as in the case of “•Xe 
(see Table 2). The Rb activity observed in these spectra results from decay of Kr 
during the separation step. 



The maximum J-ray endpo.n. ob*,«ed under eondrt.omjpl.m.zed for tor 
lion of »Cs was ~3-8 MeV. Because ofthe low ,mens, ty of the observed y rad,at, on, 

this (9-ray endpoint is taken as the decay energy 

6. 66 sec 14# Cs , . or , 

In . similar xenon sample purged after 40 sec cooling, an mten«e_ W* ^± 
2 see half-life was observed at 610 keV and ,s shown ,n F.g, 8. The presence htguet 
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Fig. 8 —Series of -/-spectra of Cs filtered from Xe fraction separated 1 5 secs after end 
of 15 sec irradiation and allowed to cool 40 secs Count length 1 min 

energy y-ray radiation of 66 sec half-life was indicated by the gross decay of the higher 
channels of the spectra No //-ray spectra of this nuclide were obtained. 

CONCLUSIONS 

The feasibility of the study of the short-lived fission gases by a simple and rapid 
gas chromatographic separation has been established. The correlation of the /?- and 
y-radiations observed in this work into definitive decay schemes will require a con¬ 
siderable amount of further investigation. Extensive coincidence measurements are 
not practical with the system as set up for these experiments because of the large num¬ 
ber of samples necessary to obtain useful statistics. The decay energies given m Tabic 
2 are in fair agreement with those computed by Riddell, (14) but somewhat lower than 
the revised values quoted by Cameron.' 15 ’ 
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HOT-ATOM CHEMISTRY OF COBALT COMPLEXES—I 

HOT-ATOM CHEMISTRY OF NITROAMMINE COBALT (III) COMPLEXES 

N. Saito, T. Tominaga and H. Sano 
D epartment of Chemistry, University of Tokyo, Japan 

(Received 15 March 1962; in revised form 2 June 1962) 

Abstract—Nine kinds of nitroamminecobalt (III) complex compounds were irradiated with slow 
neutrons for 1,5 or 30 hours in JRR-1 reactor. After various storage times the ,0 Co-labelled recoil 
species in the irradiated compounds were separated by means of procedures involving paper electro¬ 
phoresis, paper chromatography, ion exchange, or precipitation 

It was found that the labelled species were composed of the target complex, Co* 4 ion and the 
complexes produced through incorporation of outer ions (or molecules) as ligands The results can 
be explained by assuming that an electrostatic interaction plays an important role in recoil reactions 
The effects of irradiation and storage time on the distribution of recoil species were also investi¬ 
gated 


A number of researches have contributed to our knowledge of the hot-atom chemistry 
of the cobaltammme complexes. a ~ 8) Most of them, however, have dealt with only a 
few selected compounds. The present authors are of the opinion that the systematic 
investigation of a series of closely related compounds might afford clues to the elucida¬ 
tion of the mechanism of the recoil reactions. 

In this study, the authors selected, as such a senes of compounds, a group of 
nitroammine cobalt (III) complexes containing different numbers of NH 3 and NO z 
(or NO a ) groups. 

These compounds were irradiated with slow neutrons and the resulting recoil 
species labelled with “Co were analysed The distribution of recoil species was com¬ 
pared for all the compounds of the group and the results were explained in terms of 
their chemical composition. The effects of the period of irradiation and subsequent 
storage on the distribution of recoil species were also investigated. 


EXPERIMENTAL 

Target compounds Nine kinds of crystalline nitroammine cobalt complexes were prepared 
according to methods found in literature 


1 [Co(NH,),] (NOj)i'" 

2 [Co(NHj),) (NO,),*" 1 

1 [Co(NH,) s NO,] (NO,), 1 " 1 


P Sue and O Rayas, J Chim Phys 45, 188(1948) 
u » G Kay as and P Sue, Bui! Soc Chun France 17, 1145 (1950) 

111 A Zuber, USAEC Document NYO-6142 BNL (1954) 

"> N Saito, T Tominaga and H Sano, Bull Chem Soc Japan 33, 1621 (I960) 

l4 ‘ G. Harbot-tle. Chem. Effects Nud Transform Proc Symp Prague, 1960, 301 (Pub 1961). 

N Ikf.dA, K. Yoshihara and S Yamagishi, Bull Chem Soc Japan 34, 139 (1961) 


T Costea, J Inorg. Nuc! Chem 17,20(1961) 

H E Rauscher and N. Slttin, J. lnorg Nud Chem 17, 31 (1961) 

1,1 P LARtscH Dissertation p 95 Ziinch (1904) 

"" S M. JOrgensen, Z. Anorg. Chem 17, 457 (1898) 

m >P Larisch, Dissertation p 96. Zurich (1904), A Werner, P Larisch, Ann. 386, 29 (1912). 
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4. [CoCNH JtNOJ (NO,),' 131 

5. ds-[Co(NH t ) 4 (NO,),] NO,<“> 

6. trans-[Co(NH,),(NO,) I ] NO,‘ u > 

7. trans-ICo(NH 1 ),(N0 1 ) i ]< u ’ 

8. NH 4 [Co(NH,),(NO,) 4 ]' 1 * 1 

9. K(Co(NH I ),(NO,) 4 I<”' 

Some of the nitroaramine cobalt complexes prepared as above were found to contain small quantities 
of other nitroammines of the senes as impurities even after they were purified by recrystallization 
The quantities of such impurities in the sample were determined beforehand by means of paper elec¬ 
trophoresis and appropriate corrections were made for induced activities arising from such impurities * 

Irradiation and storage conditions Samples were irradiated in experimental holes in the JRR-] 
reactor at pile temperature The thermal neutron flux was approximately 3 x 10 u neutron/cm ! sec 
The irradiation times were 1, 5, and 30 hr All irradiations were made in the presence of air After 
irradiation the samples were kept in dry-ice to minimize annealing A portion of the irradiated 
sample was analysed immediately and the rest was stored at room temperature for various times 
(from one month to one year) before analysis. 

Procedures of separation. The irradiated samples were dissolved m distilled water after a definite 
storage time following the completion of irradiation, and the 80 Co-labelled recoil species present in 
the aqueous solutions were separated by means of the chemical procedures described below. 

(a) Paper electrophoresis method. It was known that the nitroammine cobalt complexes could be 
effectively separated from each other by means of a paper electrophoresis procedure using acetate 
buffer or 01 M ammonium oxalate as supporting electrolyte.' 18 ' Small portions (0 05-0 10 ml) of 
aqueous solutions of the irradiated compounds were placed at a zero-line on the electrophoresis 
papers. The papers were strips of Toyo No. 50 filter paper cut 2 5 cm or 3-8 cm wide and 60 cm long 
The strips were immersed m the electrolyte solution (pH 4 8 acetate buffer or 0 1 M ammonium 
oxalate) before use. After the sample solution was applied, the central part of the strip was dipped 
mto chlorobenzene contained in a shallow tank and both ends of the strip were dipped into electrolyte 
tanks. Potentials of400-800 Vd.c were applied through platinum electrodes immersed in the electro¬ 
lyte tanks for 1-3 hr Then the paper was dried in air and cut athwart into 0 5 or 1 cm pieces 1 he 
activity of these strips was counted with a well-type scintillation counter. Macroscopic quantities of 
cobalt were analysed colorimetrically using a-nitroso-/?-naphthol 

(b) Paper chromatography According to Tsuchida et ol , 1181 nitroammine cobalt complex 
compounds with different numbers of co-ordinated NO, groups can be separated by means of 
descending paper chromatography A solvent mixture containing seven parts methanol, 2 5 parts 
acetone and one part 30 per cent ammonia solution was reported most effective for the separation, 
and was employed in the present work. 

(c) Ion exchange method An aqueous solution of the irradiated compound was first passed 
through a 6 cm x 08 cm* column of Dowex 50W, 8 per cent cross-linked, 100-200 mesh in the potas¬ 
sium or sodium form. The effluent was then passed through a 6 cm x 0 8 cm 3 column of Dowex 1 
8 per cent cross-linked, 100-200 mesh in the chloride form The cation exchanger was then washed 
with 0 1 M NaCl and the washing was passed through the anion exchanger By this treatment, all 
anionic species were adsorbed on the amon exchanger while neutral species remained in the effluent 
and washings from both columns Then the cationic species, Co ,+ , CoA,X,’, CoA s X 3f and CoA t ‘ 
(A = NH, and X = NO, or NO„ as shown below), were eluted successively from the cation exchange 
column with 0 5 KCNS, 1 M NaCl, 3 M NaCl and 5 M NaCl The activity of each fraction was 
measured with a well-type scintillation counter 

* For example, the sample of trinitrotriamminecobalfflll) was found to contain as impurities 
small quantities of dinitrotetramminecobalt(III) and tetranitrodiamminecobalt(lll) salts, and they 
could not be removed by recrystallization process. Therefore the quantities of such impurities wcie 
determined beforehand and the mixture containing them was subjected to irradiation The distribu¬ 
tion obtained of the ,0 Co-labelled species was corrected for the contributions by such impurities to 
induced activities m the mixture. 

S. M. Jorgensen, Z Anorg Chem. 5, 170 (1894); Ibid. 17, 464 (1898). 

< u > S. M. JOrgensen, Z Anorg Chem 17, 473 (1898). 

<MI S. M. JOrgensen, Z Anorg. Chem 17, 469 (1898). 

U31 S M JORGENSEN, Z Anorg Chem 17, 463 (1898) 

<«> S. M. JOrgensen, Z. Anorg. Chem. 17, 477 (1898). 

S. M. JOrgensen, Z Anorg. Chem. 7, 304 (1894); 17, 479 (1898), 

«“» IVf. Maki, Japan Analyst, 4, 217 (1955). 

Il *’ Y,;Yamamoto, A. Nakahara and R. Tsuchida, J. Chem. Soc. Japan, Pure Chem Sec (Nippon 

Klfcaku Zasshi) 75, 114 (1954) 
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(d) Precipitation method, the radio-cobalt present as Co ,+ or as forms exchangeable with Co** 
m the solution could also be separated by precipitation method. A 01 M NaOH solution was added 
to an aqueous solution of the irradiated compound, containing Co ,+ carrier, to precipitate the hydrox¬ 
ide of cobalt. The precipitate of the hydroxide was collected, washed and dissolved in diluted HC1; 
precipitation with NaOH was repeated. Finally, the precipitates were dissolved in HC1 and radio¬ 
activity was counted with a well-type scintillation counter. On the other hand, the total activity was 
obtained by measurement of an aliquot of the original solution before NaOH was added. 

The “retention , or the fraction of activity in the form identical with the target compound, could 
also be determined by a recrystallization process For example, the precentage of the •*Co(NHi)»** 
Iraction m the irradiated hexammine cobalt compounds was determined by repeated recrystallization 
as bromide. In order to precipitate [Co(NH,) e ]Br,, a concentrated NaBr solution was added to a 
solution of the irradiated compound which might contain if necessary small amounts of the other 
complexes as hold back carriers. The precipitates were separated, dissolved in water, and rocrys talliza- 
tion with NaBr was repeated. At each step of recrystallization, the optical absorbancy of the solution 
w as measured with a spectrophotometer at 480 m n and the activity was counted with a scintillation 
counter. The specific activity was calculated from these measurements. The recrystallization process 
was repeated several times until the specific activity of the purified fraction reached a constant value 
within the experimental errors The "retention" value was then obtained by comparison with the 
specific activity of the original solution before recrystallization. 

RESULTS 

Four entirely different separation procedures were available for analysis of the 
recoil species present in solutions of the irradiated compounds. It was found, however, 
that essentially the same results for the distribution of the recoil species could be 
obtained for the same sample even if different separation procedures were employed. 
This fact might imply that the identified recoil species could exist as stable entities in 
solution m spite of the different conditions involved in these separation procedures. 

Therefore, the paper electrophoresis method with pH 4-8 acetate buffer as electro¬ 
lyte was mainly employed as separation procedure in the present work, because it was 
the most convenient and reliable of the four methods. Other methods were employed 
as auxiliary means to confirm the results obtained with the paper electrophoresis 
method. 

Identification of recoil species present in the solution of the irradiated compounds. 
As a typical example of the electrophoresis pattern, the electrophoresis histogram of 
the irradiated hexammine cobalt (III) nitrite is shown in Fig. 1. 

Six peaks ( a,b,c,d,e , and/) are seen in Fig. 1. Four peaks to the right of the zero- 
line corresponded to cationic species, while a peak to the left of the zero-hne corre¬ 
sponded to an anionic species. The peak e remained almost at the zero-line and might 
be due to a neutral species. As the relative rates of migration were known for all the 
mtroammine cobalt complexes studied above, <18) these peaks could be identified 
without much difficulty. 

The a peak was identified as CoA 6 3+ , (A denotes an NH 3 group in most cases) the 
target ion, because its rate of migration was identical with that of the hexamine cobalt 
ion, and a macroscopic quantity of cobalt was found only in the a peak when no other 
complexes were present as carriers. This was confirmed by the fact that the percentage 
of activity in the a peak was in good agreement with that of the hexammine fraction 
obtained by the ion exchange or recrystallization method 

The b, c, d, e and /peaks were assigned to [CoA g NO a ] 2+ , Co 2+ , [CoA 4 (N0 2 ) 2 ] + , 
[CoA/NO^j and [CoA 2 (N0 2 ) 4 ]-,* respectively on the following evidence: (i) the 
relative rates of migration of these peaks were compared with those of known samples 

* "A” denotes an NH 1 group in most cases. However, it is possible that small amounts of species 
with one or two of the A’s being H s O may also be present in some cases 
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Distance, cm 

Fig 1.—Paperelectrophoresis histogram of irradiated [CofNH,),] (NO,), dissolved in 
water (pH 4 8 acetate buffer used as electrolyte) Cations move right. 

of [Co(NH 3 ) s N0 2 ] 2+ , Co 2! , cis- and trans- [Co(NH 3 ) 4 (N0 2 ) 2 ]“, [Co(NH a ) 3 (NO i ) 3 ], 
and [Co(NH 3 ) 2 (N0 2 ) 4 ]~, (ii) macroscopic quantities of known samples of the above 
nitroammine complexes were added as carriers to the solution of the irradiated 
compound!, and the coincidence of the activity peaks with macroscopic quantities of 
cobalt on the resulting histogram noted, (m) the distribution of activity amongst the 
recoil species thus identified was confirmed by comparison with that obtained by 
means of the ion exchange or precipitation method. 

Separation of the c and d peaks was sometimes incomplete In such cases the 
activity of the Co 2 ^ fraction corresponding to the c peak was determined independently 
by either the precipitation method or paper electrophoresis with 01M ammonium 
oxalate as electrolyte; the percentage activity of each peak could then be estimated 
Identification of the recoil species was achieved in a similar manner for all the 
irradiated complex compounds. Tables 1-9 show the results obtained with the samples 
subjected to various irradiation and storage conditions. 

Table 1.—Percentage distribution op ‘“Co-labelled species in irradiatfd [Co(NH „).] (NO.) -DIS¬ 
SOLVED IN WATER 

Irradia- 


tion 

time 

(hr) 

Storage 

time 



'“Co-labelled species (?i) 



CoA,*+ Co A,NO/* 

CoA,(NOjV 

CoAjfNOjJj 

CoA s (NO,),- 

to JI 


t 1 day* 

0 S 

5 9 

20 3 

15 6 

42 

53 2 

1 | 

J 2 months 

0-8 

6 5 

16 5 

17 5 

10 0 

48 9 


1 6 months 

1 4 

6 7 

15 9 

14 1 

11 0 

51 (1 


f I day * 

1 4 

15 5 

34 5 

11 1 

124 

24 7 

5 J 

2 months 

1 2 

10-9 

41 2 

93 

179 

195 


i 10 months 

06 

13 6 

34 0 

9 8 

194 

22 5 

30 

3 days 

1 1 

2 7 

53 5 

2-0 

57 

35 0 

Probable errors m percentages 

are ±0 2 for CoA/*, • 

3 0 for CoA 4 (NO,) a 

+ and Co/, 1 

0 6-1 4 


for other species. 

• Stored in dry-ice. 


t,“Addition of »uch carriers did not alter the distribution of the recoil species in the solutions of 
the imdiated compound. 
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i 

TfcBts 2.— Percentage distribution of * “Co-labelled species in irradiated ICofNHJJfNOJ, 

DISSOLVED IN WATER 


Irradia¬ 

tion 

time 

(hr) 

Storage ■ — - 


‘“Co-labelled species (%) 



time CoA, 8+ 

CoA,NO s ,j>+ 

CoAjfNOj.j),- 1 - 

CoA^NO,.,), 

CoA 2 (NO a>3 ) 4 

Co*+ 


( 1 day* 2 8 

8 5 

20-9 

0*7 

0*3 

$6-7 

1 j 

; 2 months 2-6 

8 7 

25 4 

1 3 

0 7 

61*2 


ill months 3-9 

9 2 

26 7 

1-3 

02 

58-6 


f 1 day* 4-4 

12 1 

25 4 

1 7 

0-5 

57-8 

5 | 

1 2 months 4 6 

10 5 

29 5 

2 1 

0 1 

53*5 


1 6 months 4-5 

$-8 

29 0 



61*0 


i|0 months 4 3 

70 

30 5 

1 4 

0 1 

56-6 

1 

[ 3 days 3 1 

4 1 

29 1 

06 

0 

630 

30 1 

1 4 months 2 9 

3 3 

22 2 

1 1 

01 

70-4 

Probable errors in percentages are i 0 2 for CoA, a ‘ , ±01-07 for other species 


* Stored in dry-vce 






Tablf 3 —Percentage distribution or *“Co 

■LABELLED SPECIES 

IN IRRADIATED 

[Co(NH,).NOJ (NO.). 



DISSOLVED IN WATER 




Irradia- 







lion 



,0 Co-labelled species (°^) 










(hr) 

time Co A, 1 * 

CoA s NO± 

CoA,(N0 2 ).,+ 

CoA 3 (NO,) a 

CoAjCNO.lr 

Co ,+ 


( 1 day* •- 1 0 

37 1 

11 0 

2 5 

1 3 

47-1 

1 | 

2 months — 

48 6 

8 5 

1 5 

05 

41 0 


|l 1 months — 

53 6 

10 1 

20 

29 

29 2 


f 1 day* <0 3 

40 3 

172 

3 3 

1 1 

38 3 

5 

2 months — 

51 7 

9 1 

3 3 

1 8 

34-0 


[l0 months — 

61 2 

94 

20 

20 

25 3 

( 3 days * 0-1 

47 4 

23 4 

1 7 

1 4 

26 0 

30 

1 4 months — 

49 9 

8 2 

1 8 

1 8 

38 3 

Probable errors in percentages arc 1 0forCoA,NO, 2 ’ and CoA 4 (N0 2 l J '’', d 0 1-0 4 for other species 

* Stored 

in dry-ice 






Tabu 4 — Percentage distribution of *"Co-t abellld species 

IN irradiated 

[Co(NH 3 ) 6 NOj) (NO,), 



DISSOLVED IN WATfR 




Irradia- 







lion 



ft0 Co-labdled species (° 0 > 



1 1 me 
(hr) 

lime CoA/ 1 

CoAjNOj 

CoAj(NO g , 3 )± 

CoA 3 (NO a , 3 ) 8 

CoA.CNOj,,)," 

Co !+ 


| 1 day* 0 3 

29 1 

20 1 

4 5 

1 6 

442 

1 

2 months — 

29 0 

21 0 

5 4 

0 7 

42 9 


(ll months — 

34 1 

23 2 

3 9 

07 

38 3 


| 1 day* <0 4 

36 3 

23 0 

3 7 

08 

35 8 

5 

2 months — 

44 8 

21 2 

4 2 

0 3 

29-5 


111 months <' 0 1 

43 8 

20 0 

3 6 

1 1 

31 6 


( 3 days — 

45 0 

29 0 

1 5 

03 

24 0 

30 

1 4 months — 

49 4 

15 3 

20 

0 3 

33 0 


Probable errors in percentages are *20 forCoA i NO ! ,3 5+ > ±10 for CoA t (N0 lt> ), + and Co , 
! 0 2-0'5 for other species. 

* Stored in dry-ice. 
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Tabu 5. —Percentage distribution of “Co- labelled species in irradiated cis-[Co(NH ( ^(HO t ) l ](No ) 

DISSOLVED IN WATER ’ 


Irradia¬ 

tion 

time 

(hr) 



••Co-labelled species (%) 



time CoA, 

,*+ CoA.NO,,,*->- 

CoA 4 (NO,.^, + 

CoA|(NO|,|)| 

CoA|(NOj ( j)|~ 

Co’-> 


( 1 day* — 

<0-3 

31-0 

4 3 

M 

62 3 

1 

2 months — 

1-0 

36-J 

3-1 


57 7 

’ 

(.11 months — 

1-0 

51-7 

09 

— 

46 4 


( 1 day* — 

1 2 

38 4 

3-2 

1-9 

55 3 

5 j 

2 months — 

0-7 

43 3 

0-7 

0-9 

54 4 


(10 months — 

0-8 

57-8 

r'-'O 

•"'*0 

41 4 


3 days — 

1 2 

56 9 



41 9 

30 ( 

4 months — 

06 

35 4 

— 

— 

640 


Probable errors in percentages are +0 9 — 12 for CoA 4 (NO s .,) 2 + , CoA,(NO,,,), and Co*+, -i o 2 
~ 0 4 for other species. 

* Stored m dry-ice. 


Tabu 6. —Percentage distribution of “Co-labelled species in irradiated trans-[Co(NH,) 4 (NO,),](N0 2 ) 

DISSOLVED IN WATER 


Irradia¬ 

tion 

time 

(hr) 

Storage 

time 



“Co-labelled species (°/„) 



Co A,** CoA.NO,., 1 *- 

CoA 4 (NO,. s ), + 

CoA 3 (N0 3 j) 3 

CoA,(NOj,j) 4 - 

Co 2 * 


I 1 day* 

— 

<1 0 

31 8 

3 7 

05 

62 6 

1 

j 2 months 

— 

1 3 

45 7 

2 5 

03 

50 4 


111 months 

— 

1 0 

61 4 

—0 

— 

37 6 


/ 1 day* 

_ 

08 

51 7 

20 

02 

44 9 

5 

{ 2 months 

— 

0 7 

56 2 

11 

^0 

42 3 


(lO months 

— 

0 5 

604 

04 

'**-0 

38 7 


1 3 days 

_ 

04 

68 2 

<-wO 


31 4 

30 

( 4 months 

— 

02 

53 4 


^0 

46 4 

Probable errors in percentages are. ±0 9 for CoA 4 (NO,,j), + , 

0 7 for CoA 3 (NO,, a )j and Co 21 , 

J 0 1 


for other species. 

* Stored in dry-ice 


Table 7 —Percentage distribution of “Co-labelled species in irradiated |Cd(NH,) s (N'VJ 

DISSOLVED IN WATER 


Irradia¬ 

tion 

time 

(hr) 


“Co-labelled species (%) 



time CoA, ,+ CoA s NO, 2+ 

CoA 4 (NO,),+ 

CoA,(NO,), 

CoA 8 (NO g ) 4 

Co 2 ’ 


I 1 day* — — 

— 

29-6 

1-0 

69 4 

1 

| 2 months — — 

07 

48 3 

— 

51 0 


(ll months — — 

— 

58 0 

— 

42 0 


j 1 day* — — 

04 

58 3 

06 

40 7 

5 

{ 2 months — — 

<1 2 

57-0 

I 0 

40 8 


(ll months — — 

— 

68 3 

03 

31 3 

30 

3 days % — - — 

'—0 

78 4 

-—0 

21 6 


Probable errors in percentages are- ±14 for CoA,(NOj), and Co ,+ ; ±0 2-0-4 for other species 
* Stored in dry-ice. 
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TA*LB *.*-n«CBWACW DISTRIBUTION OF # °Co-LA BELLED SPECIES IN IRRADIATED NH-[Co(NH^,CNOJJ 

DISSOLVED IN WATER 


irradia¬ 

tion 

time 

(hr) 

Storage - 
time 



•“Co-labelled species (%) 



CoA,»+ 

CoA,NO, a+ 

CoA,(NO,) a '- 

CoA, (NO,), 

CoA,(NOJr 

Co*+ 


( 1 day* 

— 

— 

0-4 

5-4 

17*6 

76*6 

t 

| 2 months 

-- 

— 

0 3 

3-9 

36*6 

59*3 


(11 months 


— 

— 

2 8 

400 

57-2 


( 1 day* 

— 

0 1 

00 

72 

32 9 

59*9 

5 

{ 2 months 

- - 

— 

<! 3 

8 I 

340 

56-6 


(it months 


— 

~0 

70 

42 7 

50-3 


1 3 days 

— 

— 

_ 

3 3 

446 

52*1 

30 

| 4 months 

— 

— 

— 

31 

43 0 

53-9 

Probable errors in percentages 

arc ±0 4 for CoA,(NO s ),, 

± 1 3 for CoA,(NO,)*- and Co l+ . 

±0-1 for 

other species. 







* Stored in dry-ice 







Table 9 

—Percentage 

DISTRIBUTION OF ,0 Co-LAB£LLED SPECIES IN IRRADIATED K[Co(NH.),(NO.)*] 




DISSOLVFD IN WATER 




Irradia- 








tton 




* 0 Co-labelled species ("/,) 











(hr)' 

time 

CoA,’ ' 

CoA.NO, 2 ' 

CoA.CNO,),' 

CoA,(NO,), 

CoA,(NO,)r 

Co»+ 

1 

1 day* 

— 


0-2 

<2 7 

31-4 

65-7 

5 

1 day* 

— 

— 

02 

1 1 

34 3 

64 6 


Probable errors m percentages arc. LO 2 lor CoA 4 (NO,), 4 , -0 5 for Co A,(NO,),, +1-3 for CoA, 
(NO,)*'; zfMforCo 8 *. 

* Stored in dry-nx. 


DISCUSSION 

Effects of irradiation and subsequent storage conditions on the distribution of the 
recoil species. As shown tn Tables 1-9, various kinds of recoil species labelled with 
®°Co were present in the solution of the irradiated compounds However, the changes 
in the distribution of such recoil species due to different irradiation and storage con¬ 
ditions seemed to be quite complex and no simple explanation could be obtained. 

Therefore we will discuss the behaviour of only two particular species, viz., the 
Co 2 ' fraction and the “retention” (fraction in the parent ion or molecule). Annealing 
or radiation effects on the behaviour of recoil species other than these two will be 
studied further in future experiments. 

Generally speaking, as irradiation time was increased the retention increased while 
the Co 2f fraction decreased. Because of the restrictions on the use of the JRR-1 
reactor all irradiations were to be made at pile temperature and cooling of the sample 
with dry-ice, for example, was not permitted. Based on their experiences of the irradi¬ 
ation of various substances, the present authors estimated that the pile temperature 
might range from room temperature to as high as 80 D C. In a prolonged irradiation, 
the temperature might rise to 80°C or higher. There was no doubt that such an 
elevated temperature might cause appreciable thermal annealing in the target com¬ 
pounds even during the irradiation. Thus the increase in retention and the decrease in 
Co 2 r fraction with increase in the irradiation time might be attributed to thermal 
annealing during irradiation. Though concomitant radiations such as gamma rays in 

the reactor should have some anneal mg effects on the target compounds the extent of 

these effects was not fully examined. 
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Some of the nitroammine cobalt complexes were found to be rather unstable to a 
prolonged irradiation. As seen in Tables 1 and 2, hexammine cobalt complex salts 
showed different behaviour from the others: when they were irradiated for 30 hr, the 
retention was lowered whereas the Co 2+ fraction was increased by comparison with 
the values for an irradiation of 5 hours. Such an anomaly was more pronounced m 
[CoCNH^XNOj) 3 . It seemed that this anomaly might be due to some chemical 
reactions caused by heat or radiation during the irradiation. After [Co(NH s ) e ](N0 2 ) 
was irradiated for 5 hr colour of the crystals was somewhat changed, and the wave¬ 
length of the maximum in the first absorption band of the solution shifted to a shorter 
wavelength and approached that of [Co(NH 3 ) 4 (N0 2 ) 2 ] + . On irradiation for 30 hours 
the changes became more distinct and in addition a macroscopic quantity of Co 2 * 
(possibly due to partial decomposition of the complex) was detected. The macroscopic 
changes in [Co(NH 3 ) 6 ](N0 2 ) 3 during the prolonged irradiation showed a similarity to 
the known thermal transformation reactions of the cobaltammine complexes containing 
NO a groups.' 201 The present authors thus assume that [Co(NH 3 ) 6 ](NO S! ) s might 
suffer appreciable decomposition under the influence of heat (and possibly radiation) 
and transformation into [Co(NH 3 ) 4 (N0 2 ) 2 ] + or other nitroammine complexes or into 
unstable entities which could yield Co 2+ on dissolution in water during the prolonged 
period of irradiation (say 5 or 30 hr). 

However, no such changes were observed macroscopically when [Co(NH 3 ) g ](NO i! ) J 


was irradiated for 1 hr. colour of the crystals remained unchanged, the absorption 
spectrum of the solution was identical with that of the hexammine cobalt complexes, 
and no macroscopic quantity of Co 2+ was detected. For other complex compounds 
than [Co(NH 3 ) 6 ](N0 2 ) 3 no macroscopic changes were observed at all aftei an irradiation 
of 1 or 5 hr. 

Subsequent storage of the irradiated compounds altered the distribution of the 
recoil species: for the compounds irradiated for 1 or 5 hr the retention increased while 
the Co 2+ fraction decreased with increase in the storage time at room temperature 
However, the compounds irradiated for 30 hr showed a different annealing behaviour 
most of them gave lower retention values and higher values of the Co 2- * fraction after 
storage for four months at room temperature than the freshly irradiated samples The 
cause for this anomaly was not known, yet it might be related to chemical reactions 
involving the damage produced by heat or radiation m the target compounds during 
such a long period of irradiation. It was also assumed that the radiations (especially 
beta rays) arising from the decay of “Co in the irradiated compound might play some 
role in producing radiation damage or other chemical effects in the crystals. The latter 
probability will be investigated m future experiments. 

Mechanism of recoil reactions. As seen in Tables 1-7, an important feature of the 
recoil reactions in the nitroammine complexes was that substitution of ligand NH, 
groups by outer anions (N0 2 “ or N0 3 ~) was observed m most complex compounds 
whenever the substituted recoil products could exist as reasonably stable entities in 
aqueous solutions. On the contrary, “Co-labelled complexes containing less anions 
as ligands than the target compound were not found except with NH 4 [Co(NH 3 ) 2 (N0 2 )|] 
The products include not only the target compound and Co i+ ion but also various 
“Co-labelled complexes containing more anionic ligands than the target substance 

In order to clarify the mechanism of such substitution reactions the ratio (5) of 
'*•> A. V s Abu3V and N. I. Lobanov, Zhur Obshchet Khim. 25, 646 (1955), 
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radioactivity of the substituted recoil products to the total co-ordinated cobalt was 
calculated as follows: 

Sum of percentages of “Co-labelled complexes 
c = containing more anion ic ligands than the target 
Sum of percentages of all “Co-labelled complexes 

Calculated values of S for all the irradiated compounds are shown m Table 10. 


Table 10 —Values or substitution ratio, S 



S' 

N 

Electric charge 
on the target 
complex ion 

Target 

S in the sample) 
irradiated for 1 hr 

S in the sample) 
irradiated for 5 hr 

[Co(NH,)„] (NO,), 

0 98 ± 0 01 

0 98 ± 0 00 


[Co(NH,) 8 ] (NO,), 

0 91 j 0 01 

0 89 ± 0 00 

+ 3 

fCo(NHs)&N0 8 ] (NO*), 

0 28 j 0 03 

0 35 ) 0 02 

4-2 

[Co(NH,)»NO,] (NO,), 

0 47 -> 0 06 

0 43 J- 0 03 

4-2 

Cis-[Co(NH,) 4 (NO,),](NO,) 

0 14 r 0 05 

0 11 4 0 03 

4 1 

Trans-[Co(NH,),(NO,),l (NO,) 

0 11 i 0 04 

0 05 l o 03 

+ 1 

[Co(NH,),(NO,),l 

0 03 i 0 02 

0 02 ^ 0 01 

0 

Sum of percentages of ‘“Co-labelled complexes containing more anionic 

*S - ----—--—- 

ligands than target 


Sum of percentages of all "“Co-labelled complexes 
t Storage time, one day in dry ice 


It is worth mentioning that this ratio (S) increases with the increase in electric 
charge on the target complex ion, or with the increase in number of neighbouring 
outer anions. This fact may be generally explained by assuming that the electrostatic 
interaction between the outer anions and the more or less fragmented complex ions 
plays an important role in the recoil reactions If the recombination reaction between 
the fragmented complex ion and the neighbouring outer anions is promoted by the 
electrostatic attraction between them, cither an increase in the positive charge on the 
complex ton or an increase in the number of neighbouring outer anions may favour 
the recombination reaction which yields recoil species containing more outer anions 
in ligands than the target complex, and may consequently increase the ratio, S. 

The two tetramtrodiamminecobaltates(IIl) in Tables 8 and 9 were quite different 
in nature from the others because they were salts of complex anions and therefore 
contained no outer anions. These complex salts contained outer cations (NH 4 + or K + ) 
instead. K f ions could not be incorporated as ligands whereas NH^ ion might 
possibly supply NH 3 group on dissociation in hot reactions For this reason compari¬ 
son of the recoil species in K[Co(NH 3 ) 2 (N0 2 ) 4 ] and NH 4 [Co(NH 3 ).>(N0 2 ) 4 ) might be 
significant. In this case, however, substitution of N0 2 by NH 3 was of interest, and the 
ratio (S') was calculated as follows. 

Sum of percentages of “Co-labelled complexes containing less 
anionic ligands (i.e. more NH 3 groups) than the target 
Sum of percentages of all “Co-labelled complexes 

Calculated values of S' are given in Table 11. 

The substitution ratio (S') was found to be higher for NH 4 [Co(NH 3 ) 2 -(N0 2 ) 4 ] than 
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Table 11 —Values of substitution ratio, S' 




S'* 


S in the sample) 

S in the sample) 

Target 

irradiated for 1 hr 

irradiated for 5 hr 

NH 4 (Co{NH > ) l (NO,) 4 ] 

0-23 ± 0 04 

0 18 ± 0 02 

K(Co(NH t )t(NO t ) t ] 

<0 08 ±0-02 

0 03 ± 0 01 


Sum of percentages of ,0 Co-labelled complexes containing less 
anionic ligands than target 

* S' = - 

Sum of percentages of all ,0 Co-labelled complexes 
t Storage time. one day in dry-ice 

for K[Co(NH 3 ) 2 (N0 2 ) 4 ] as expected. This fact might confirm that incorporation of 
the NH S group (arising from outer NH 4 + ions) into the fragmented complex ion occurs 
during the recoil reactions in NH 4 [Co(NH 3 ) 2 (NO a ) 4 ]. 

It may be concluded from these results that the mechanism of the recoil reactions 
occurring in the nitroammine complexes is closely related to their chemical composition, 
especially, to the nature and number of outer ions. The outer ions which can co¬ 
ordinate as ligands may play an important role m recoil reactions: most recoil species 
(except the target complex and Co 2+ ) seem to be formed through substitution reactions 
in which ligands of the target complex are displaced and outer ions (or molecules 
arising from outer ions) are incorporated in their place. 
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THE SELF-ASSOCIATION OF HYDROGEN 
FLUORIDE VAPOUR 

J. N. Maclean, F. J. C. Rossotti and H. S. Rossorri 

Department of Chemistry, University of Edinburgh, Scotland 
and 

Inorganic Chemistry Laboratory, University of Oxford, England 

(Received 9 August 1961, in revised form 16 April 1962) 

Abstract—-Recent curve-fitting methods for obtaining self-association constants have been applied to 
Strohmeier and Briegleb’s pressure-volume-temperature data for hydrogen fluoride at 26°, 32°, 
38", 44° and 56°C. Definite evidence has been obtained for the existence of HF, (HF)„ and (HF)„ but 
intermediate and higher oligomers may also be formed. Association constants are reported for 
monomer-dimer-hexamer, and for extended series models, together with values of the appropriate 
enthalpy and entropy changes. 

The nature of the hydrogen-bonded associates in hydrogen fluoride vapour is still 
uncertain. Smith’s analysis' 11 of the pressure dependence of the infra-red spectrum 
appears to indicate that the predominant species are monomer and hexamer, together 
with small amounts of dimer and tetramer However, Franck and coworkers 12,3 * 
interpret their heat capacity measurements in terms of a stable hexamer and a large 
sequence of other oligomers. Briegleb and Strohmfifr' 4 * have deduced from 
pressure-volume-temperature measurements that a large number of species are present, 
but that the formation of the hexamer is not particularly favoured. These conflicting 
views are typical of many that have been published over the last thirty years. In an 
attempt to resolve this situation, some graphical methods of analysis, which are 
designed to identify combinations of a few 15 6) or many 16 7) species, have now been 
applied to Strohmeier and Briegleb’s P-V-T data. 18 * These particular measurements 
were chosen for analysis since there are many data for pressures between 50 and 670 
mm Hg at a number of temperatures Moreover, the interpretation of P-V-T data is 
not complicated by the necessity for introducing parameters other than equilibrium 
constants (e g. extinction coefficients or heat capacities) 

PRESENT CALCULATIONS 

The measurements lead to pairs of values of the observed vapour pressure 

s=ip'=&p o) 

i i 

and the hypothetical pressure 

B-hp.-iiPP (2) 

1 1 

D F. Smith, J. Chem. Phys. 2*. 1040 (1958) 

W Spalthoff and E U. Franck, Z Elektrochem 61, 993 (1957) 

151 E U. Frank and F Meyer, Z. Elektrochem 63, 571 (1959) 

1,1 G Briegleb and W. Strohmeier, Z Elektrochem. 57, 668 (1953) 

111 F J. C. Rossotti and H. S. Rossom, J. Phys Chem. 65, 926 (1961). 

“ F J. C. Rossotti and H. S. Rossotti, / Phys Chem 65, 1376 (1961) 

1,1 F J. C. Rossotti and H. S. Rossotti, J Phys Chem 65, 930 (1961) 

1,1 W Strohmeier and G. Briegleb, Z Elektrochem 57, 662 (1953). 
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which would be exerted by an ideal unassociated vapour under the same conditions 
Here Q is the maximum value of q, p Q is the partial pressure of the species (HF) and 
b = p l is the partial pressure of the monomer. In the first instance, ideal gas be¬ 
haviour is assumed at all pressures (S < 670 mm Hg) studied. Then the overall 

Q 

stoichiometric self-association constant /J, = p Q b~ q = II A, is the equilibrium constant 

1 

for the oligomerization 

?HF ^ (HF), (3) 

and the stepwise stoichiometric self-association constant K a = p Q (p q -iby l is the 
equilibrium constant for the association step 

(HF),-! + HF ^ (HF), (4) 

For each point B, S, values of b and of the number average degree of multimeriza- 
tion, v = (B — b)(S — b) 1 , of the oligomers were calculated as described pre- 
viously. (6) At all temperatures, v is approximately two over a range of low pressures 
Hence, the smallest oligomer formed is the dimer. With increasing pressures, v 
increases to the maximum values tabulated below: 

rc 26 32 38 44 56 

W 5-4 5-3 4-4 3-1 2-2 

Hence, at least a second oligomer is formed, and this must be the hexamer or a higher 
species at 26° and 32°. 

FEW SPECIES MODELS 

The data B, S, b were first treated by curve-fitting methods for systems containing 
a single oligomer. 15 ’ The measurements can be described very satisfactorily in terms 
only of dimerization for values of S ^ 200 mm Hg at 26°, S v 400 mm Hg at 38° 
and of S < 600 mm Hg at 56°C. Methods 181 for systems containing monomer, dimer 
and one higher oligomer (HF) 0 were then applied to the data over the entire range of 
pressures and temperatures. No value of Q other than six gave an acceptable fit 

The possible existence of appreciable concentrations of an intermediate species 
was tested by comparison of the data with normalised curves calculated for the models 
HF + (HF) 2 4- (HF), -4- (HF) S , where q = 3, 4 or 5. The curve-fitting procedure is 
analogous to that described elsewhere 8 for the system monomer-dimer-trimer 
tetramer. The shapes of the plots of log (B — b)b~ 2 and log (S — b)b~ z against log b 
are now determined by the parameter 

R„ = 

For all three trial values of q , the best fit was obtained for R a — 0. Hence, there is no 
evidence for appreciable concentrations of any one intermediate species. The upper 
limits of R q < 0-1 correspond to values of log /? 3 < —7-38, Iog/? 4 < —9-89 and 
log jS 6 < —12-46 at 26°C, assuming that only one of the species (HF) 3 , (HF) 4 or 
(HF) 6 coexists with dimer and hexamer. 

The values of /f 2 and were checked by substitution into equations (1) and (2) to 
give q (— BS" 1 ) as a function of S. Excellent agreement was found (see Fig I) 
between the observed and calculated curves at 38°, 44° and 56°, and for lower pressing 
at 26° and 32°C. The high pressure deviations at the lower temperatures may be due io 
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the presence of one or more oligomers larger than the hexamer, and the data can be 
fitted over the whole pressure range studied by an extended series model with q — 1 , 2, 
6, 7, 8, 9.... However, the deviations may be due to non-ideal gas behaviour. 
Values of p t and p„ together with the upper limits of S and q for which the monomer- 
Jimer-hexamer model is valid, are given in Table 1. 



Fig. 1 —The function q(S) for 38'C. Open circles experimental points Full line- 
calculated for extended senes (Hypothesis 1, R -- 0) with log ft = -4 02 and log K = 
—295. Dotted line, calculated for dimer-hexamer model with log ft = —4 00 and 

logft,= -15 05 


Ta ble 1 —Association Constants for Dimer-Hcxamer Model (on mm Hg sca le) 


TCC) 

Log ft 

Log ft 

Range of validity of model 

Upper limit 
rf S (mm Hg) 

Upper limit 
ofd 

26 

-3 80 + 0 02 

- 13 94 i 0 02 

420 

1 43 

32 

-3 92 +0 02 

- 14 50 -t 0 02 

542 

1 41 

38 

-4 00 + 001 

-15 05 +0 02 

636 

1 30 

44 

-406 + 001 

-15 62 J 003 

646* 

1 14 

56 

-4-24 ± 0 01 

-16 63 + 0 03 

646* 

1 04 


* Highest pressure studied at temperature shown 


Approximate values of the overall enthalpy and entropy changes accompanying 
dimerization and hexamenzation were obtained graphically. The points log /4, T~ x 
and log/i 6 , T~ l both fell on very good straight lines, corresponding to- 
A/f a -- —6- 5 kcal/mole A S 2 = —39- 2 e u. 

A//g = —40- 4 kcal/mole AS, =• —198- 6 e.u. 

EXTENDED SERIES MODELS 

The data were also analysed by curve fitting methods based on models* 6,7 ' assuming 
the formation of an extended series of multimers and a number of different relation¬ 
ships between the self-association constants. 
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The data at each temperature could be described very satisfactorily in terms of 
three independent parameters /3 |t R and K, such that /3 S = § % RK and fi q = f or 
q > 4. This model will be referred to as the three parameter Hypothesis I, cf. ref.'') 
The data for 26°, 32°, 38° and 44°C could best be represented with R < 0-3. The 
measurements at 56°C could not be analysed by assuming extended multimerization 
on account of the very small contribution of oligomers higher than the dimer (v 
2-2). Less satisfactory fits of the data at 26°, 32°, 38° and 44°C were obtained by using 
a three parameter model with /S 4 = /? 2 AT*U and /?<, = /? 2 K Q ~ a for all other values of q 
The value of on Hypothesis I implies that the reaction 

HF + (HF) 2 ^(HF) 3 

occurs less readily than other stepwise associations. A somewhat similar model* 7 ' is 
the two-parameter Hypothesis II with /9 e = fi s K Q ~ 2 lq — 1. This model gave a good 
description of the data for 38° and 44°C, but not for 26° and 32°C. The data could 
not be represented by two parameter models 7 for which K 0 (q > 3) is either constant or 
increases with q. 

Table 2.— Association Constants for Extended Series Models (on mm Hg scale) 

T(°C) Hypothesis log /), log K„ 


26 

I, 

R 

= 03 

-3 87 

4; 

0 02 

-2 

74 

4- 

0 01 

<9 

** 

4) 

32 

I. 

R 

= 0-2 

-3 97 


0 02 

-2 

85 

4- 

0 01 


> 

4) 

38 

1, 

R 

« 0 

-4-02 

± 

0 03 

-2 

95 

4- 

0 01 



4) 

44 

X, 

R 

= 0-3 

-4 12 

i 

0 02 

- 3 

11 

rt 

0-02 

<7 

> 

4) 


I! 



-4-19 

4- 

0 02 

-2 

91 

± 

0 01 




+ *og (</ — l)Kq — D(y > 3) 


The relative merits of the association constants were checked by substitution into 
Equations (1) and (2). The functions q(S) calculated by using the Hypothesis 1 
association constants were in excellent agreement with experimental data at 26°, 38 3 
and 44°C, and in fairly good agreement with those at 32"C. At 38°C, the curve for 
R = 0 gave an appreciably better fit than that for R — 0-3, indicating that the trimer 
cannot be detected at this temperature. However, the curve calculated by using the 
Hypothesis II equilibrium constants represented the primary data less well. At 44 C, 
the measurements cover a restricted range of values of q, and no choice can be n.iide 
between Hypotheses I and II. 

Values of the equilibrium parameters are given in Table 2. Approximate values 
for the enthalpy and entropy changes were calculated by assuming that the Hypo¬ 
thesis I model with R < 0-3 is valid at 44° as well as at 26°, 32° and 38°C. Acceptable 
linear plots of log /? 2 and log K against T x gave values of 

A H t = —7- 8 kcal/mole AS 2 = —43- 7 e.u. 

A H = —8- 5 kcal/mole A S = —40’ e e.u. 

where A H and l^S refer to the reaction step (4) with q > 4. If, however, the data at 
44°C are described by Hypothesis II, then A H 2 — —5- 7 kcal/mole and A S 2 — - 36 » 
e.u. Thus, for any acceptable extended series model, A H t = —6- g ± 1 kcal/mole and 
AS, — a-40 ± 4 e.u. 



The self-association of hydrogen fluoride vapour 1S5S 

DISCUSSION 

The validity of the self-association constants, and even of the formulae proposed 
for the oligomers, depends on the assumption of ideal gas behaviour. In an earlier 
analysis of the present data, Smith* 1 ’ has treated Briegleb and Strohmeier’s dimeriza¬ 
tion constant* 4 * as a non-ideality parameter, and proceeded to calculate values and 
fin- It is not apparent why the terms and should refer to chemical reactions, if 
kb 2 is arbitrarily classed as a physical interaction. On the contrary, deviations from 
ideality are probably negligible in the pressure range over which the measurements can 
be described precisely in terms of a single monomer-dimer equilibrium. This situation 
obtains up to a pressure (5) of 600 mm Hg at 56°C. Since non-chemical forces of 
interaction are roughly proportional to T~ a , behaviour will probably be ideal up to at 
least 440 mm Hg at 26°C. Moreover, values of the van der Waals constants for water 
and hydrogen chloride suggest that deviations from ideality in hydrogen fluoride do 
not exceed 0 - 5 per cent of the total pressure, even at the lowest temperatures and 
highest pressures studied. 

The present analysis of Strohmeier and Briegleb’s data' 8 * is based largely on 
Jesuits at the lower pressures. It provides definite evidence for the formation of (HF) 2 
and (HF) a . The existence of the dimer is supported by infra-red 11,9-11 * spectroscopy; 
that of the hexamer is already well established. Our values of /J 2 and /? 6 are in rough 
agreement with those obtained by earlier workers,' 12 ’ using less rigorous methods of 
analysis. The values of A// 2 and AS 2 obtained from the dimer-hexamer model are m 
fairly good agreement with those found for the extended series model, and are 
compatible with a value of A// 2 = 6 ± I kcal/mole calculated from the infra-red 
spectra. 110 ’ The fact that this value is appreciably greater than the kinetic energy of the 
gas is further evidence for the reality of the dimer. The values of A H a and A S s are 
roughly independent of the model chosen, and are in good agreement with those of 
earlier workers.' 12 ’ However, it is impossible to deduce from the values of the thermo¬ 
dynamic functions for the dimer and hexamer whether the latter is cyclic or acyclic. 

Our results are at variance with Smith’s view' 1,10 ’ that (HF) 2 is only present in very 
low concentrations and contributes little to the non-spectroscopic properties of the 
vapour. Approximate relative partial pressures of (HF) 2 and (HF) 6 at 26°C, calcu¬ 
lated using the dimer-hexamer model, are shown below. 

S (mm Hg) 300 200 300 400 520 

100 p,S' 1 1 3 4 5 5 

100 p a S~ l 10 4 0 3 2 5 13 

The relative importance of dimer to hexamer increases at higher temperatures Thus, 
at 38°C and S — 686 mm Hg, pjp s - 1-25 and at 56°C and 5- 650 mm Hg, 
PtlPt —15. 

The present analysis does not support Smith’s claim' 1 ’ that Strohmeier and 
Bkiegleb’S data can be reconciled to a monomer-tetramer-hexamer model (with the 
dimerization constant treated as a non-ideahty parameter). Our treatment on the few 
species model shows that the vapour-pressures give no evidence for significant 


"" G A. Kuipers, J. Mol Spectroscopy 2, 75 (1958) 

D F. SMITH, J Mol Spectroscopy 3, 473 (1959) . ^ Hewn 

m, w F Heroet, N. M. Gailar, R J. Lovell and A. H Nielsen,/ 0/>/. Soe. 4mer. 50, 264 ( 960). 
" J| G C Pimentel and A. L. McClennan, The Hydrogen Bond Freeman, San Francisco (1960). 
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concentrations of tetramer. However, if the tetramer is acyclic and the hexamer cyclic 
it is feasible that the tetramer has an appreciably larger extinction coefficient and is 
therefore detectable spectroscopically at extremely low concentrations. 

The precision of the data does not warrant Briegleb and Strohmeier’s original 
analysis* 41 in terms of nine independent parameters. Nevertheless, an extended senes 
model, such as the three parameter Hypothesis I, gives a good description of the data 
over the whole pressure range studied. However, this treatment gives no particular 
evidence for the formation of trimer, tetramer and pentamer, since a good fit can also 
be obtained using the model (HF) 2 , (HF) g , (HF) 7 , (HF) g .... The extended series 
models represent the data at low temperatures and high pressures somewhat better 
than does the monomer-dimer-hexamer model. However, it is under just these 
conditions that non-ideal behaviour may become appreciable. The present analysis 
can therefore give no definite information about species larger than the hexamer. 

Acknowledgements —We thank Dr. A. D Buckingham (Oxford) and Dr P. Gray (Leeds) for helpful 
discussions on gaseous imperfections. 
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Abstract—The preparation and some properties of the etherated complex halogen acids with pseudo¬ 
halogens of the formulas H[Me ln X,X'], HfMe 1[ X 2 X'] are reported. The metals contained are Zn Cd, 
of Group II and Al, In of Group III. ’ 

Complex salts of different metals with pseudohalogen (CN, SCN) are well known and 
the corresponding free acids are reported in some cases, e g. H 3 [Co(CN) 6 ], H[Ag(CN) 2 ], 
H[Cu(CN) s ], H a [Rh(SCN) g ], H 3 [Gr(SCN) 6 ], H 3 [Fe(C^l) (! ]. (:l ' 2 ' 3, These acids were 
prepared by the action of mineral acids on the corresponding salts 

We have previously prepared and studied <4 61 many simple complex halogen acids 
of different metals and also complex mixed halogen acids of the same metals with 
formulae such as H[Me ,Il J V' 3 k"]H[Me TI XiX'] where X and X’ represent different 
halogen atoms l7 > These acids were synthesized in an ether medium by addition of dry 
hydrogen halide to the anhydrous metal salt 

It is interesting to study the mixed halogen acids of the above formulae containing 
pscudohalogens (CN, SCN, N 3 ) 

The only known compounds of this mixed type are some salts of the [BiBr 3 (CN) 3 ]*~, 
and [Aul^CNJJ anions 181 There are also reported addition compounds of the type 
MeX 2 , HCN or MeX 3 , HCN where the metals are Be, Fe, Al, Sn, Ti (9 ~ iai 

In the present paper we report for the first time the preparation of metal complexes 
of mixed halogen acids with the pseudohalogen thiocyanate 

General method of preparation 

For the preparation of these compounds we have employed the method previously 
described ,7 > All reactions were conducted under anhydrous conditions using chemi¬ 
cally pure and anhydrous salts These salts were added little by little with stirring to an 
excess of absolute ether containing freshly prepared and dried HCNS, cooled to 

111 A. Bayer and V Villinger, Bcr Dlsch Chem Ges 34,2579 (1901) 
l!l A Bayer and V. Villinger, Ber Dtsch Chem Ges 35, 1206 (1902). 
lai J Brigando, C.R. Acad. Sci, Para 214, 908 (1942) 

111 E Wiberg, M. Schmidt and A Galinos. Z Aitpew Chem 66, 443 (1954). 

161 E Wiberg, M Schmidt and A Galinos, Z Anpew Chem 66,444(1954). 

A Galinos, Z. Angew, Chem 69, 507 (1957J 
<;l A. Gaunos, J Amer Chem Soc. 83, 3032 (1960) 

1,1 A VOURNAZOS, C.R Acad Sci 172,535 (1921) 

Ch Rabaut, Bull. Soc. Chim (3) 19 , 786 (1898). 

,m G. Perrier C R. Acad Sci 130, 1423 (1898) 

1111 G Patein , Ber. Dtsch. Chem Ges 24,734(1891) 

<U| R Fricke and O. Rode, Z A non; Chem 152 , 349 (1926) 
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— 10°C. Precautions were taken to use dilute thiocyanate solutions in ether, to exclude 
decomposition. 

The products in the form of heavy oily phases were separated from the ether phase 
Excess ether was then pumped off, and the final products dried in a vacuum desiccator 
Moisture was rigorously excluded. All these compounds can be obtained as crystals 
by freezing at —80°, filtering quickly and washing with cold ether. 

The compounds were analysed by addition of water yielding a solution containing 
acidic hydrogen, halide, thiocyanate, metal ions and ether. Standard analytical 
methods were used to determine the acidic hydrogen, metal and halogen. The thio¬ 
cyanate anion in the presence of chloride, bromide, and iodide was determined by the 
method of Volhard, <13) and the ether content was obtained by difference. 

Results are given in the table. 

Table 


Formula 

Analysis 

Colour 

H[ZnCI,SCN] 2Et f O 

H.Zn.Cl.SCN Et,0 

1 03 1 05 2 05 0 90 2 02 

Pale yellow 

H[ZnBr s SCN] 2Et,0 

H Zn Br SCN Et,0 

1 1 02 2 03 0 88 2 1 

Deep yellow 

H,[CdBr,(SCN),] 3Et.O 

H Cd Br SCN Et,0 

1 0 1 03 2 05 1 9 2 9 

Orange 

H,[CdI,-SCN)J 3Et t O 

H Cd I SCN Et,0 

2 1 1 02 2 1 1 92 3 1 

Red 

HIA1CI.SCN] 2Et,0 

H A1 Cl SCN • Et,0 

1 02 1 01 3 04 0 90 2 04 

Yellow 

H[AJBr,SCN] 2Et,0 

H A1 Br SCN Et.O 

1 01 1 04 3 02 0 91.2-02 

Orange yellow 

H[InBr»SCN] 2Et,0 

H In Br SCN.Et.O 

1.1 02.3 1:0-88:2-3 

Brownish yellow 

H[InCI»SCN] 2Et t O 

H In CI SCN Et.O 

1-1 1 03 3 15 0-85.2 25 

Pale yellow 


In all cases the monobasic complex halogen acids are formed with two molecules of ether In the 
case of the cadmium complex acids HJCdXjX,'). 3Et,0 a third molecule of ether may be taken up 

General properties 

All freshly prepared mixed halogen acids are coloured, their colour varying ii om 
pale yellow to red. They are oily liquids, freezing at low temperature. Their freezing 
points are not sharp. Due to hydrolysis they fume in air. 

•“> W. D. Treadwell, p. 328. Ibd. F. Dentiene Leipzig-Wien 1930. 
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Some mixed complex halogen acids with pseudohalogens 

t 

They are soluble in many polar (nitrobenzene, chloroform) and insoluble in non¬ 
polar solvents. They do not react vigorously with water, but by contrast they react 
vigorously with organic bases such pyridine, replacing the ether molecules and 
giving very stable salts.' 11 * 

The formation reaction proceeds more readily from cadmium to aluminium in the 
order as follows (Cd, <In, <Zn, <A1) Without stirring the reaction is very 
slow for the cadmium salts requiring up to five days for complete reaction. Stirring 
speeds up the reaction so that they are generally complete withm a few hours. 

Solutions in polar media (nitrobenzene) conduct electricity, the acids dissociating 
into ions. 

Stability of the compounds 

The compounds were thermally decomposed and the products were collected in a 
trap cooled by acetone-dry-ice mixture, followed by a trap immersed in liquid nitrogen. 
The traps were connected to a vacuum pump. In the first trap there were detected 
HC1, HCN, and ether, in the second, nothing In the flask there remained beside the 
metal halide a solid yellow product (isoperthiocyanic acid H 2 C 2 N 2 S 3 ) which is formed 
in the decomposition together with HCN These decomposition products refer to the 

compound HlZnC^SCN^Etp. 

From these observations we conclude that on heating the compounds decomposed 
according to the reactions used in their formation except that there was also some 
exchange producing HCl besides HSCN, and the isoperthiocyanic acid. 

Attempts were also made to detach the metal from the compounds by precipi¬ 
tation of the metal with H 2 S Passage of H 2 S for 15 mm into a solution of H 2 [CdBr a 
(SCNlJ S'EtjO in nitrobenzene yielded no precipitate of cadmium sulphide. On the 
other hand similar treatment of the mixture produced by adding an ether solution 
of the anhydrous cadmium bromide to nitrobenzene yielded yellow CdS immediately. 

The stability of these compounds may be ascribed to three types of bonds, 
(a) homopolar bonds between the central ion of the complex and the halogen ions, 
(Cl, Br, I, SCN). (b) hcteropolar bond between the complex anion and the complex 
cation, (c) hydrogen bridging between the proton and the oxygen atoms of the ether 
molecules which increases significantly the volume of the cation, decreases the 
mobility of the proton, and increases the stability of the molecule The compounds 
may be formulated as follows • 

fEt Et", + X 

l o • ■ H • • • o ! ix M SCN 

! / \ i I 

'_Et Et_ L X j 

Acknowledgement Th.s investigation was financially supported by the Royal Hellenic Research 
Foundation. 

m> A Galinos, J. Inorg. Nud Chem 19 , 69 (1961) 
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Abstract— The insoluble thallium, and the soluble magnesium and zinc salts of 12-molybdophos- 
phonc acid have been prepared and analysed. 

The number of thallous ions per anion in the precipitate below three is controlled by the ratio 
pertaining in solution, but above three by the acidity of the solution, lending support to the theory of 
Ripan that 12-molybdophosphoric acid has three “strong" and four “weak” lonizable hydrogens. 

The salts of magnesium and zinc contain respectively 1 82 and 2 32 cation equivalents per anion, 
independently of the conditions of formation, and are thus acid salts on any theory of the ionization 
of 1 2 -moIybdophosphoric acid In this respect magnesium and zinc resemble potassium and rubidium 
respectively, but the salts are more soluble 


Ammonium 1 2-molybdophosphate has appeared m the literature practically every year 
from 1849 to the present time and has been intensively studied from many aspects. By 
way of contrast, although the 12-molybdophosphates of several metals were prepared 
during the nineteenth century, for example by Finkener, 11 ' they seem to have received 
little attention m recent years outside this school, with the exception of those of the alkali 
metals. The salts of potassium, rubidium, caesium and thallium were briefly described 
by Buchwald and Thistlethwaite' 2 ' in 1958. It was noted there that thallium 
appears to be unique in forming a normal salt, even under strongly acid conditions, 
whereas all other cations so far examined form only acid salts even when the acid 
concentration is much lower. Some further preparations and analyses of thallous 
12-molybdophosphate, and some new preparations of magnesium and zinc salts, 
are described in the present paper. 

The salts of 12-molybdophosphoric acid appear to fall into two rather sharply- 
defined groups and one intermediate group' those of thallium and ammonium are 
very insoluble, while those of most other metals (e g. sodium, magnesium, calcium, 
strontium, barium, zinc, lanthanum and thorium) are very soluble; it appears that 
some (e.g. lead, mercurous, bismuth) cannot be isolated by crystallization at all 
without decomposition. Salts of the larger alkali metals (potassium, rubidium, 
caesium) are sparingly soluble with solubilities decreasing in that order. 

METHODS OF ISOLATION 

U necessarily follows that the isolation (and indeed the analysis) of these two groups requires 
quite different techniques: those of the first group (and of the intermediate group) can be isolated 
very easily by precipitation, the remainder require much slower evaporation methods. Further 

Hnkener, See. Dtsch. Chem. Ges. It, 1638 (1878) 

Buchwald and Thistlethwaite, J. Inorg Nucl Chem 7, 29- (1958) 
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limitations, applying in both cases, are the instability of the 12-moiybdophosphate ion at pH vaii 
above about 4-5 and its extreme sensitiveness to reduction by metals and by many kin* 0 f , n ?h 
organic material. 0 

Although*the soluble salts carry much more water of crystallization, both kinds can be dri i 
completely by sufficiently prolonged heating at 220-250“C. 

In the present study the thallium salt was isolated by both conventional and homogeneous nr ■ 
cipitation; those of magnesium and zinc by crystallization in small petti dishes with protection from 


Thallium 

(a) Conventional precipitation (Series 1) Thallous nitrate solution (50 ml) was added dropwise 

from a burette to 12-molybdophosphoric acid solution (100 ml) heated to 50“C in a water-bath, with 
constant stirring. Although varying amounts of thallium, hetero-acid and nitric acid were used,’ these 
volumes were maintained throughout. ’ 

The precipitates were then digested with the mother liquor for several hours at 50°C, cooled and 
filtered on sintered glass crucibles of porosity 5, being washed in and washed six times on the filler 
with nitric acid (1 per cent). 

(b) Conventional precipitation (Series 2). In this case the order of precipitation was reversed and 
attempt was made to achieve less acidic conditions Precipitates were “colloidal” and extremely 
difficult to filter without loss. 

In no. (9), 12-molybdophosphoric acid solution (10 ml) was added dropwisc to thallous carbonate 
solution (50 ml) in the cold. Permanent yellow precipitation was deferred until about 0 4 ml had been 
added. The precipitate was digested with the mother liquor at 50°C for 24 hr, cooled and allowed to 
stand four weeks before filtration. Further treatment was in as (a) above. 

In no (10), sufficient sodium hydroxide was added to the thallous carbonate to neutralize the 
nitric acid that had been added in making up the 12-molybdophosphonc acid solution, before mixing 
in this case permanent precipitation was delayed till 2-5 ml of the acid had been added Further 
treatment was in as (a) above 

(c) Homogenous precipitation (Series 3) This method was developed from that of Series 2 above, 
but a much larger amount of sodium hydroxide was added to the thallous carbonate, so that the 
whole of the 12-molybdophosphoric acid could be added without causing any precipitation. 

The mixtures were placed m crystallizing dishes. A “desiccator” was charged with concentrated 
nitric acid instead of desiccant: in this were placed, for varying periods, the crystallizing dishes so 
that each solution was gradually acidified by gaaeous diffusion of nitric acid, and formation of the 
heteropoly compound took place as nearly as possible under equilibrium conditions. The acidification 
process was followed in a crude sort of way by testing with “universal" indicator paper from time 
to time. In this way a senes of values of the ratio Te + /H t O + varying from 0-0074 to 1 61 was 
achieved 

Magnesium 

Both series were prepared in the same way, the difference lying in the method of analysis and 
calculation of composition. 

Magnesium oxide (1 or 0-667 g) was dissolved in the minimum quantity of 2 N nitric acid and the 
solution made up to 50 ml Ten ml portions were added to 12-molybdophosphoric acid so' -tion 
(20 or 25 ml) containing 7-526 g of the A.R. hydrated acid 

Evaporation was continued until about 5 g of large crystals had appeared; about 5 ml of mother 
liquor remained. This was drained off and the crystals gently detached and washed with small 
portions of nitric acid (1 per cent). They were then lightly pressed between filter paper Efflorescence 
occurred rapidly, the well-formed crystals soon becoming a spongy mass. 

The anhydrous compound was obtained by heating for several hours at 350°C. 

Zinc 

(a) Senes 1. The single sample here was obtained in the same way as for the magnesium com¬ 
pounds above, starting from zinc oxide. 

(b) Series 2. The crystallization method was here modified so as to reduce the volume of solution 
and hence the period of evaporation. In all cases the same weight of 12-molybdophosphoric acid 
(7-3 g) was taken add was dissolved in 7-8 ml of water. Zinc nitrate (1 or 2 g) was dissolved in this 
by gentle warming on a hotplate > 50°C. The nearly-saturated solutions were set aside, protected 
from dust. Crystallization was adequate after 3-4 days: the weight of the precipitate varied between 
2-5 and 5 g, the residual mother liquor being about 2-3 ml. 
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The deal “?f lab / t > from a ««uiy deport to large well-formed crystals. They 


k ' ere coll<3 ^® d J, I l* 1 d I - \ — v ttuu uramea tnree times with very smaU 

portions of water, and air-dn«l to constant weight prior to heatmg for several hours at 220°C to 
produce the anhydrous salt. Estimate of the water of crystallization were made but ate low and 
‘ ariable because of varying atmospheric humidity. 

(c) Series 3. These crystals were obtained in the same way as in Series 2 but were dissolved up m 
v,.iter and recrystallized before recovery. ™ 


METHODS OF ANALYSIS 

Dissolution of precipitates 

The salts of magnesium and zinc dissolve readily in water That of thallium can be dissolved in 
ammonia or sodium hydroxide solution but is reprecipitated on acidification (even with acetic acid); 
smce both methods used for molybdenum require acid conditions, molybdenum was not determined 
in this case. 


Determinations 

Thallium. A modified version of the method of Rao and Rao 181 was used. The samples of thallous 
compound were usually about 0 2 g and were dissolved in A R sodium hydroxide (0 35 g) with about 
50 ml of water The slightly turbid solution was heated nearly to boiling, cone HC1 (15 ml) added, 
and the hot solution titrated with ceric sulphate (0 0686 N), using iodine monochloride as catalyst 
(0 02 M in M HCI, 1 ml) and ferrom as indicator (added near to the end-point) 

N B. Although the addition of acid to the alkaline solution of thallous 12-molybdophosphatc 
reprccipitated some of this compound, it dissolved up gradually as titration proceeded, giving a 
clear solution before the end-point was reached 

Two results (Nos. 3 and 6) were confirmed by precipitation as TII 

Zmc This was determined as pyrophosphate, ignited at 830°C 

Magnesium This was determined as pyrophosphate, and also m some cases by titration with 
EDTA, using Eriochrome Black T as indicator Owing to the very small proportion of magnesium 
in the 12-molybdophosphate (about 1 3 per cent), aliquots containing not less than 2 g of this had to 
he used for each gravimetric determination Reprecipiution was carried out after dissolution of the 
double phosphate in dilute hydrochloric acid 

Molybdenum The gravimetric “oxme” method was used for the zinc compound (after determina¬ 
tion of zinc) and the Jones reductor method for the magnesium compound (using an aliquot of the 
original solution) 

The filtrate and washings from the zmc determination were made up to 250 ml Suitable aliquots 
were taken, and diluted to 100 ml As the pH was about 7, no buffer was added prior to addition of 
8-hydroxyquinohne solution to the hot solution 

For the reductor method, many different models of reductor were tried, and several forms of zmc. 
Reproducible results were finally obtained with a reductor of total length 70 cm (including a widened 
upper portion 11 cm long) and a tapped delivery lube 27 cm long The reducing column was of A.R. 
zinc pellets, 16-30 mesh (B D H ) of length 44 cm The zinc was amalgamated before packing 

A suitable aliquot was mixed with 2 N sulphuric acid (20 ml) and passed through the “activated” 
reductor, followed by 2 N sulphunc acid (80 ml) The effluents were collected beneath the surface of 
ferric alum solution and the resulting ferrous iron titrated with standard potassium permanganate 
solution (ca. 0-05 N). 

Every determination was accompanied by a blank, passing 2 N sulphuric acid (100 ml) through 
the column and completing the titration in exactly the same way as before 


Reagent 

(1) Standard EDTA. The disodium salt was carefully heated at 80‘C to constant weight 
(Na a H,CioH 1 ,0,N 1 2H,0) 3 72) g were dissolved and made up to 1 1 The solution is 0 01 M 

(2) Buffer. Ammonium chloride (70 g) and cone ammonia solution (570 ml), made up to 11 

(3) Erichrome black T. The solid indicator (0 2 g), dissolved m triethanolamine (15 ml) + absolute 

ethanol (5 ml). This solution is stable for a few months ... 

(4) 8 -hydroxyquinoline. The solid (2 g) is dissolved in 2 N acetic acid (100 ml), ammonia 

is added dropwise until a slight precipitate is just produced the precipitate is dissolved by addiuon 
of a little acetic acid (2 N) 

131 Rao and Rao, Z. Anal. Chem 168 (2) 83 (1959) 
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RESULTS 

These arc,shown in Table 1 (thallium), Table 2 (magnesium) and Table 3 (zinc). The svmk - 
PM*' indicates 12-molybdophosphate ion. * Dui 

Table 1 


Series 

No. 


In solution 


In precipitate 

(Moles) 

X l+ 

Ratio [T!+1 
fPM'-J 


Ratio [T1+] 
[PM**] 

1 

1 

0 000284 

1 76 

0 063 

1 77* 


2 

0 000284 

1 76 

0063 

2 46 


3 

0000378 

2-36 

0 084 

212 


4 

0 000378 

2-36 

0084 

2 201 


5 

0 00165 

3 53 

0 28 

298 


6 

0 00257 

5 

0 42 

3-10 

2 

7 

0 00146 

299 

0 77 

3-25 


8 

0 00146 

299 

1 56 

3 50 

3 

9 

0 00029 

300 

0 0074 

3-03 


10 

000029 

299 

0 020 

3-02 


11 

0 00029 

2 99 

0 042 

3 17 


12 

0 00029 

299 

0166 

3 08, 3 05 


13 

0-00029 

2 99 

066 

3 13 


14 

0 00029 

299 

0-73 

3 45 


15 

0 00029 

299 

1 61 

3 80 


* 1 80 by precipitation as TIC1 
t 2-28 by precipitation as T1C1 


Table 2 


In “precipitate" 


In solution Weight 


Scries no. 

Ratio 
(Moles) [Mg ,+ ] 
Mg z+ [PM* ] 

taken 

for 

analysis 

(g) 

Me !+ Me ,+ 

(By (By 

Mg s P 2 0 7 ) EDTA) 

(g> (g) 

PM*- 
(By Jones 
r eductor) 
(g) 

Difference 

( S> 

Ratio 
[Mg- - ] 
[PM* ] 

1 1 

0-003 

1 09 

4-0018 

0044) 


3 958 


0 83 

2 

0-003 

1 09 

1 4128 

0016! 

by differ¬ 

1 397 


0 86 

3 

0 003 

1 09 

2 9185 

0 026) 

ence 

2 893 


0 67 

4 

0 003 

1 09 

3 1082 

0 037J 


3-071 


0 ID 

2 5 

0 003 

1 09 

2082 

0 0250 — 

2 062 

+0 005 

091 

6 

0003 

1-09 

2 005 

0 0194 — 

1 988 

+ 0002 

0 73 

7 

0-003 

109 

2 029 

0 0227 — 

2 018 

+0 012 

0 84 

8 

0003 

109 

1-825 

0 0198 — 

1 803 

-0 002 

083 

9 

0005 

1 55 

2 2749 

0 0281 

0 0292 

2 253 

+ 0 060 

0 93 

10 

0-005 

1 55 

2 2680 

0 0295 0 0325 

2 252 

+0-014 

0 99 

11 

0-005 

1-55 

1-9624 

— 

0 0248 

1 937 

(-0-001)* 

(0 96) 

12 

0-005 

1 55 

2 7803 

0 0359 0-0369 

2 750 

+ 0-006 

0 98 

13 

0-005 

1 55 

1-8929 

0 0261 

0-0250 

1 872 

+0-005 

1 05 

14 

0005 

1-63 

4 4457 

0-0504 0-0523 

4 468 

+0072 

0 86 

15 

0-005 

1-63 

4-7961 

0-0560 0 0569 

4-710 

-0030 

0 89 

16 

0-005 

1-63 

5 0385 

0 0600 0 0608 

4 909 

-0 070 

0 90 

17 

0-005 

1-63 

4 7434 

0-0557 

0 0564 

4-670 

-0017 

0 91 

18 

0-005 

1 63 

51101 

0 0616 

0 0612 

5 110 

+0062 

091 


‘iKsiWts calculated from EDTA value 
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Table 3 


In “precipitate” 


Series 

no. 

In solution 

Ratio 

Zn s+ [Zn»+] 

(Moles) j 

Weight 

taken 

for 

analysis 

(g) 

Zn 2+ 

by 

(Z ni P 2 0,) 

(5) 

j, . "o _ ; 

1 

o u o 

I 

Difference 

(g) 

Ratio 

[Zn* + ] 

[PM*'] 

HjO 

of 

cryst. 

(Moles) 

l 

t 

0 00658 

1 49 

fO 7213 

0 0234 

0 6948 

-0 003 

0 95 




* 


10 5065 

0 0159 

0 46841 

-0 022 

0 95 


2 

2 

0 00329 

1-01 

2 2107 

0 0855 

2 114 

-0011 

1 27 

25 1 


3 

0 00329 

101 

2 5940 

0 0876 

2 491 

-0015 

1 15 



4 

0 00329 

1 01 

2 3411 

0 0880 

2 257 

+ 0 004 

1 04 

26 9 


5 

0 00329 

101 

3 3567 

0 1058 

3 227 

-0 024 

1 12 

27 9 


6 

000329 

1 01 

1 7961 

0 0776 

1 691 

-0 027 

1 28 

27-2 


7 

0-00329 

1 01 

1 6130 

0 0552 

1 363 

-0195 

1 13 

28 2 


8 

0-00658 

202 

1 7840 

0 0787 

1 714 

+0 009 

1 28 

28 8 


9 

000658 

2 02 

1 8872 

0 0819 

1 805 

0 000 

1 26 

28 4 

3 

10 

0 00494 

1 52 

2 6370 

0 1050 

2 540 

1 0 008 

1 15 

27 7 


n 

0 00494 

1 52 

3 0907 

0 1239 

2 966 

-0001 

I 17 

27 9 


* 0 008 moles HNO a also present 
f By Jones Redactor method 

CONCLUSIONS 

1. Thallium 

Earlier work on the 12-molybdophosphate of this metal l2) demonstrated that 
under conditions where the larger alkali metal cations and ammonium invariably form 
acid salts containing 2-2-5 cations per anion, the thallous ion always forms a 
“normal” salt containing 3 or more cations per anion However, experiments 1 and 
2 of that series, carried out with a much lower ratio of thallous ion to (a) anion (b) 
hydronium ion in solution gave a ratio 2-2 m the precipate, showing that even thallium 
may form an acid salt under extreme conditions. 

The present series of experiments was designed (a) to investigate the conditions 
for such acid salt formation and (b) to throw further light on the frequent occurrence 
of more than three thallous ions per anion in precipitates. Conditions for precipitation, 
whether conventional or homogenous, were quite different from those in the earlier 
series; in particular, the ratio of thallous ion to anion in solution was much smaller, 
and only in two cases (numbers 5 and 6) did it exceed the “theoretical” value 3:1. 
However, the ratio of thallous ion to hydronium ion m solution was allowed to range 
widely. 

Conclusions may be stated as follows. 

(1) Thallium forms “acid” salts only when the ratio of thallous ion to anion in 
solution is less than three, 

(2) Within this range the ratio in the precipitate is approximately proportional to that 
in solution and is little affected by hydronium ion concentration. 

(3) When the ratio (cation]/[anion] in solution is exactly three, the ratio in the 
precipitate is > 3 and is controlled by the [cation]/[hydronium] ratio in solution. 
Number 11 is the only exception to this rule within the “homogenous series. 



(4)-Since is the homogenous series the ratio of thelious ion to “the dements of 
12-molybdophosphate ion in solution never at any stage exceeds 3, it seems that 
the precipitate ratios >3 do indicate that the basicity of the acid is not limited r, 
three (this has been suggested from time to time in the last 50 years* 4 - 10 *). p rc . 
sumably in the presence of very low concentrations of added mineral acid, more 
than three hydrogens of the hydrated complex are able to dissociate.' 10 * For a 
contrary view see SprrzfN. ,n) 


2. Magnesium 

With only two exceptions (nos. 3 and 6) the values of the ratio [cation]/[anion] fall 
within a very narrow range (0-83-1 -05, mean 0.91). The differences appear fortuitous 
and show no correlation with the ratio existing in solution. 

Since in all these experiments no added mineral acid was present, it may safely be 
concluded that magnesium 12-molybdophosphate is an acid salt comparable with that 
of potassium (i.e. approx. 2 equivalents of cation per anion), though much more 
soluble. 


3. Zinc 

(1) In series 2 the ratio [cation]/[anion] in the solid compound ranges from 1 04 
to 1-28 (mean 1-19). There is no correlation with the ratio in solution. In series 3, 
involving recrystallization, the two results agree more closely (1-15 and 117, mean 
1-16). Evidently zinc 12-molybdophosphate is an acid salt containing about 2 30 
equivalents of cation and therefore comparable with the rubidium salt, but much more 
soluble. 

(2) The results of series 1 indicate that the presence of additional hydronium ion 
(mineral acid) depresses the “equivalent” ratio from 2-30 to 1-90, i.e. a still more acid 
salt is produced. 

(3) The values for water of crystallization are probably approaching the value 
29 established for the closely-related 12-tungstophosphoric acid. 112 * 

A final observation is that all these acid salts appear to be nonstoicheiometric, in 
keeping with the well-known base-exchange properties of the 12-molybdophosphates 

<4) Miolati and Pizzjgheixi, J Prak Chem TJ, (n) 417 (1908). 

von Enr£dy, Z Anorg Chem. 194, 239 (1930) 

.Under and Witzman, Z Anorg. Chem 215,310(1932). 

Jander and Jahr, KoUoid-Beihefte 41, 297 (1935). 

" ,1 Santos, Proc. Roy. Soc. A 150, 309 (1935). 

<•> Nikitina, Brit Chem Abstr 298(1940); 56(1941); 88(1941) 

Ripan, C. R Acad Sci Paris 227, 474 (1948) 

,u » Spitzin, Z. Anorg. Chem 304, 196 (1960). 

IU * Bradley and Illingworth, Proc Roy. Soc A 157, 113 (1936). 
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INTERACTION OF BORANES. 

THE DIBORANE-PENTABORANE (9) REACTION* 

M. Hillman, f D. J. Mangold and J. H. Norman} 

Energy Division, Ohn Mathieson Chemical Corporation 
New Haven, Connecticut 


Abstract—A reinterpretation of existing data reaffirms the conclusion that pentaborane (9) is an 
intermediate in the formation of decaborane. 

During the interval between the time the paper was first presented in a symposium”* 
and the time the symposium was finally published, 121 objections§ were raised con¬ 
cerning the interpretation of the data. Consequently, we have attempted to temteTpret 
the data to accommodate the more serious objections while concentrating on the main 
thesis of the original paper—that in a reaction of diborane and pentaborane (9), half 
of the boron atoms in decarborane come from pentaborane (9). 

It should be noted that m the original paper, the observed isotopic distributions 
of the decaborane were compared with expected distributions calculated as if neither 
of the starting boranes underwent any isotopic exchange during the course of the 
reaction. This criterion was not met in reality. The question is then raised: may the 
observed distributions be meaningfully compared with the expected distributions in 
the reported way? They may not, for decaborane, if it does form from a combination 
of diborane and pentaborane (9) would also be expected to form from these reactants 
after they have undergone exchange Furthermore, decaborane is continuously 
removed from the reaction by reaction with diborane to form polymers This, m 
effect, predominantly removes decaborane molecules that might have been formed 
from the initial reactants since these molecules were in the reaction medium longer, 
leaving behind decaborane formed later in the reaction. Fortunately, diborane does 
not exchange borons with decaborane (3 * This would complicate the problem even 
further.® 

Without knowing the rate of change of the boron abundances of diborane and 
pentaborane (9) and without knowing the rate of formation of decaborane or the 
rate of reaction of decaborane with diborane, it is impossible to calculate exactly 
what the isotopic distribution of decaborane is expected to be when formed by any 
mechanism. However, since the initial and final isotopic distributions of the reactants 
are known, boundaries can easily be set on the expected isotopic distribution of the 

* Research supported by Air Force Contract 33(6001-31920 

t Present address The Hot Laboratory, Brookhaven National Laboratory, Upton, Long Island, 
New York 

t Present address: General Atomic Division, General Dynamics Corp., San Diego, California. 

*1 The objections were raised by referees 

* Since the virtual fate of individual molecules is followed in a tracer experiment, unless an 

inordinately high isotope effect obtains, it is unimportant to have quantitative yields in a reaction nor 
,s >t important to know the yields precisely _ _ . 

Abstracts of Papers, 133rd National American Chemical Society Meeting, San Francisco, 

California , „ , 

121 Bo, ax to Boranes , Advances in Chemistry Senes, p 151 American Chemical Society, Washington, 

DC (1961), 

' 3l ■ Shapiro and R, E. Williams, J Amer Chem Soc 81, 4787 (1959) 
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Fig. 1.— Isotopic distributions of decaborane. (A) observed B 5 H, + »»B H • (B) 
calculated, all borons from starting “B,H,; (C) calculated, all borons from final *»B a H 
(D) calculated, aU borons from starting B S H,, calculated, all borons from final B„H ’ 
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Fig. 2—Isotopic distributions of decaborane. (F) observed,’•’B.H, + B,H,; (G) calcu¬ 
lated, all borons from starting B,H,; (H) calculated, all borons from final B S H„, 
(1) calculated, all borons from starting (J) calculated, all borons from final 
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Fig. 3.—Isotopic distributions of decaborane (A) observed, B 5 H b + 1!> B 2 H,; (K) cal¬ 
culated from initial isotopic abundances of B,H, 1 } ’"B 2 H e , (L) calculated from 
final isotopic abundances of B S H, -f I0 B 2 H„. 
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product. That is, the tsotoptc distribution of the product can be calculated as if it has 
been formed from the reactants in their initial cond.t.on and again as if it was for 
from the reactants in their final condition. The true expected distribution lies some¬ 
where m between. »r„wrt«i 

This .echnique is illustrated in Figs. 1 
and observed distributions are plotted. All curves are nornidii® 
are equal to unity. These curves are interpreted as fol ows ' h . jb 

The major part of the decaborane was not formed exelosiv ^ tom «tto tl.bo«ne 

or exclusively from peotaborane (9). ,hc'totarane obtaiirffrom the 

(d) represents the experimental distribution of 
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NO OF '°B ATOMS 

Fig. 5.—Isotopic distributions of decaborane (A) observed, B,H, + ,0 B,H, (N) cal¬ 
culated from initial isotopic abundances of } B„H, + 3 I0 B S H, (O) calculated from 
final isotopic abundances of -J B S H, + 3 10 B 2 H e 
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Fig. 6 —Isotopic distributions of decaborane (F) observed, 10 B 4 H, + B,H,, (P) cal¬ 
culated from initial isotopic distributions of J ,0 B S H, + B Z H,, (Q) calculated from 
final isotopic distributions of i *°B S H, - B,H 6 

enriched dtborane and the natural pentaborane (9) experiment. Curves (B) and (C) 
represent the expected distributions if the decaborane was formed from the initial 
dtborane and final diborane respectively. Had the decaborane actually been formed 
exclusively from the diborane the experimental curve would have been expected to fall 
somewhere between those two curves. The same holds true for the possibility of the 
formation of decaborane exclusively from pentaborane (9). Curve (A) would, in this 
case, have been expected to fall somewhere between ( D ) and (£) which represent the 
distributioosexpected for decaborane formed from the initial pentaborane (9) and the 
final pentaborane (9) respectively. 
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The nonformation of the decaborane exclusively from either of the reactants was 
confirmed in the experiment using enriched pentaborane (9) and natural diborane. 
In Fig- 2. curve (F). the experimental distribution does not fall between either pairs of 
calculated distributions. Here, curves (G) and (77) represent the expected distributions 
lorm the initial and final diborane respectively and (7) and (7) represent the expected 
distributions from the initial and final pentaborane (9) respectively. 

This evidence demonstrates that decaborane must have been formed from a 
reaction involving both the diborane and pentaborane (9). Recognizing this, the next 
step is the determination of the stoicheiometry. Fig. 3 depicts the experimental 
distribution (-4) of the decaborane obtained from the enriched diborane reaction 
compared with the expected distributions ( K ) and (L) for decaborane formed from 
five boron atoms of diborane and five from pentaborane as they existed at the beginning 
and the end of the experiment. Fig. 4 does the same for the enriched pentaborane (9) 
experiment. Here, ( K ) is the distribution expected from the initial abundances, ( M ) 
from the final abundances and (F) is the experimental distribution. Generally, 
except for the fact that they are flatter, the experimental curves fall between pairs of 
calculated curves. 

The lowering of the peak can be accounted for by the formation of decaborane 
exclusively from diborane in small amounts as a side reaction. This would also 
account for the excess tailing observed in Fig 3(A) towards the 10 B 10 end and in 
Fig. 4(77) towards the 11 B 11 end. Curves for the distributions of decaborane formed 
exclusively from diborane would be expected to fall in the area of the tails and, since all 
of these curves are plotted so that the total area equals unity, after summing the 
distributions from the two separate reactions and normalizing, the resultant curve will 
be of generally lower intensity than either of the original contributions. 

This minor side reaction does not necessarily imply that there is a course to decabor¬ 
ane not involving pentaborane (9). Under the conditions of the reaction diborane is 
converted to pentaborane (9) which, in turn, is converted to decaborane. An alternate 
minor route to decaborane, however, is by no means eliminated. 

We have not at this point established the stoicheiometiy of the reaction with 
certainty although it seems that five boron atoms from each reactant fits fairly well. 
For the sake of comparison with another conceivable stoicheiometry, m Figs. 5 and 6 
the experimental distributions are compared with the calculated distributions from a 
reaction involving six boron atoms from diborane and four from pentaborane (9). 
In both figures the experimental distributions fall rather close to the calculated 
distributions using the reactants as they existed at the end of the reactions. Although 
they do not seem to fall between the pairs of curves as well as in Figs. 3 and 4, a 
reaction of this nature cannot be completely ruled out. 

The reaction involving six boron atoms from pentaborane (9) and four from 
diborane is similar to the one above but is not described fully due to the difficulty of 
conceiving a realistic mechanism whereby this may occur, especially in view of the 
reported non-self-boron exchange' 15 in pentaborane (9). 

DISCUSSION 

The evidence presented in the foregoing section reaffirms the conclusion (1 * S) that 
pentaborane (9) is an intermediate in the formation of decaborane from the pyrolysis of 

1,1 1 Shapiro and B. Keilin, J. Amer Chem, Soc 77, 2663 (1955) 
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diborane. Whether the route to decaborane through pentaborane (9) is the only 
possible course has not been established. There is a possibility that other routes may 
exist. 

Evidence has been presented that the stoicheiometry of the reaction between 
diborane and pentaborane (9) probably involves five boron atoms from diborane and 
five boron atoms from pentaborane (9). This implies that there is a step wise build up 
of the pentaborane (9) molecule through higher boranes such as hexaborane, octaborane 
and nonaborane. The actual steps involved which may be quite complex are still 
obscure. 

Acknowledgements —Indebtedness, inadvertently omitted from the original paper'*’, are due Miss 
D. M. Robins and her staff for infra-red analyses, Mr. L. Coletta for aid in obtaining the mass spectra 
and to Mr R. P Alexander and Dr D. S P Eetax for the preparation of the enriched pentaborane 
(9) and the enriched decaborane 
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ABSORPTION SPECTRA OF TRANSITION 
GROUP COMPLEXES OF SULPHUR 
CONTAINING LIGANDS 


Chr. K Jorgensen 

Cyanamid European Research Institute, 
Cologny (Geneva), Switzerland 


(Received 14 February 1962, m revised form 1 May 1962) 

Vh f? C ‘^ C . k , el(I L ) ' r r. , Ti" I) ;i )al “ n) ’ ' ndmm(l "> and Mher central atoms are combined 
with diethyldithiophosphate (dtp ) diethyldithiocarbamate (dtc~) 2,2'-di(ammoethyl)sulphide (daes) 
thiosemicarbazide (tscaz) and other sulphur-containing ligands The position in the spectrochemical 
series dtp <. dtc < daes < S0 3 a is related to the number of lone-pair electrons available on the 
sulphur atom. The nephelauxetic effect is very conspicuous in Rh dtp B and Ir dtp. The square-planar 
low-spin Ni dtp., and tuckel(Il) xanthate form high-sptn pyridine addition compounds such as 
Ni(dtp) a py t , while Ni daes a a+ is high-spm In dtp, and Bi dtp, can be precipitated from acid solutions. 


The spectrochemical series of increasing M O. energy difference (spectroscopic 
splitting parameter) A between the subshells in the complexes of the three transition 
groups is arranged* 1-41 according to decreasing radii of the ligand atoms 


I < Br < Cl < F < O < N < C 


( 1 ) 


Hence, it might be expected that S would be ranged somewhere between Cl and F. 
However, the mam purpose of this paper is to show that S has a wide variation of A 
values for a given central ion, going from Cl to well beyond N. It is possible to 
rationalize this behaviour by reference to the larger 7r-bondmg effects in sulphur 
ligands with a great quantity of lone-pair electrons, while S0 3 2 with a single lone-pair 
preferably forms a <r-bond to the central atom. 

Equation (1) does, of course, not indicate that one single value of A is charac¬ 
teristic for each ligand atom, but it allows a certain variation, as is already evident m 
mckel(Il) complexes* 5,6 ' of six N, where A varies 13 per cent Schaefer* 71 found that 
A of chromium(IIl) complexes with six O varies within a range of 26-5 per cent, but 
suggested rather unusual conditions of bonding in the extreme limits of this series; 
the mam portion of Cr0 6 complexes having A-values only varying within some 8 per 
cent. In cases such as the double salts of mckel(ll), containing bromide or chloride,* 6 - 8 ' 
the variation of A 8 per cent may be ascribed to small differences in the mternuclear 


1 L E Orgel, Introduction to Transition-Metal Chemistry Methuen, London, (1963) 

1 T M. Dunn, Modern Coordination Chemistry , (Edited by J Lewis and R G Wilkins) lnter- 
science, New York (1960). 

1 C K Jorgensen, Absorption Spectra and Chemical Bonding in Complexes Pergamon Press, 
Oxford (1962). 

1 C K. Jorgensen, Adv Chem. Phys 5, 31 (1962) 

1 C, K. Jorgensen, Acta Chem Scand 10, 887 (1956) 

1 O. Bostrup and C K. JORGENSEN, Acta Chem Scand 11, 1223 (1957) 

1 C E SchXffer, J. lnorg Nucl. Chem 8, 149 (1958) 

1 R W Asmussen and O. Bostrup, Acta Chem Scand 11, 745 (1957) 
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distances in die various lattices, comparable to the effects of lower temperature < 8 '*) 
high pressure' 10 ' or solvent effects.' 111 ®' 

Solid sulphides have been studied at low temperature by Pappalardo and Dietz' 13 ' 
and by Weakuem and McClure.* 14 ' In zinc sulphide and cadmium sulphide, Co(Il) 
and Ni(II) can be incorporated in tetrahedral configuration. A is comparable to the 
values in CoCl 4 8- and Co(II) m ZnO, and is smaller (probably due to larger inter- 
nudear distances, cf. the “ruby compression’’' 7 ') in CdS than ZnS, while the nephel- 
auxetic effect is large and between that of the bromide and the iodide complexes. 

We shall find differences in A larger than 50 per cent by comparing various types of 
sulphur-containing ligands. 

Diethyldithiophosphates 

Various neutral inner-complexes of dtp - = (C g H 6 0) 2 PS 2 ~ have been described in 
literature. Thus Malatesta and Pizzom* 18 ' prepared the violet compound Ni dtp 2 
and the black Fe dtp 3 , whereas Vinogradova and Ivanova' 18 ' report precipitates of 
Bi dtp,, As dtpj, Cd dtp 2 , Cu dtp 2 and Pb dtp g ; the latter salt was previously known.* 171 
Recently, Busev and collaborators have made analytical use of the ligand* 18 ' as also 
Bode and Arnswald' 19 ' who reported absorption spectra of various of the diethyldi- 
thiophosphates extracted in carbon tetrachloride. The preparation of Cr dtp 3 has been 
reported**” and Professor W. C. Fernelius was so kind, in a letter of July 1959, as to 
draw the attention of the present writer to this interesting ligand, and later to send him 
some samples of Ni dtp 2 and Cr dtpg. Schaffer' 21 ' also studied these compounds and 
Co dtpj. 

As discussed m the experimental section, several other transition group ions form 
rather easily diethyldithiophosphates, which are neutral inner-salts when the co¬ 
ordination number is twice the oxidation number. Fig. 1 shows the visible and near¬ 
ultra-violet spectra of Rh dtp 3 and Ir dtp 3 which are closely analogous to (22) RhCl 6 3- 
and IrBrg 3- except for one phenomenon: that the nephelauxetic effect in the hexa- 
sulphur-co-ordmated complexes is much more pronounced. Actually, the distance 
between the two spin-allowed transitions, to l T 4 and i r 6 , of y 5 6 y 3 , is so small as to 
suggest the following values: 

Rh dtp 3 : B — 220 cm -1 /? = 0-29 
Ir dtp s : 5-160 cm -1 0 = 0-25 (2) 

D. S. McClure, Solid State Physics 9, 399 (1959) 

<*•> D. R. Stephens and H. G Drickamer, J. Chem. Phys, 35, 427 (1961). 

,u) J. Bjerrum, A. W. Adamson and O Bostrup, Acta Chem Scand 10, 329 (1956). 

<I *> C. K.- Jorgensen, J. Inorg Nucl Chem. 24, 1587 (1962) 

,u > R. Pappalardo and R. E. Dietz, Phys. Rev 123, 1188 (1961). 

(M * H. Weakuem and D S McClure, Suppl. to J. Appl. Phys. 33, 347 ( 1962) ; private communication 
(1960); H. Weakliem J Chem Phys 36,2117 (1962). 

<“> L. Malatesta and R. Pizzom, Chimica e industria 27, 6 (1945). 

E. N. Vinogradova and V. A Ivanova, Vestnik Moskov. Univ. 12, Ser. Mat. Mek. Astron Ft: 
Khim. No. 3 237 (1957), (Chem Abstr 52, 4390* (1958)) 

an -j- w Martin, G. R. Norman and E. A. WeilmIjnster, J Amer. Chem Soc. 67, 1662 (1945) 

A. I. Busev and M. L Ivanyutin, Zh Anal. Khim II, 523 (1956). 

**»> H. Bode and W. Arnswald, Presentin' Zeitschr. analyt. Chem. 185, 99 and 179 (1962). 

•*•» D. E.-Goldbert, W C. Fernelius and M. Shamma, Inorganic Syntheses 6,142 (I960) 

>”> C. E. Schaffer, Ligand Field Symposium, 140 th. Amer. Chem. Soc. National Meeting, Chicago, 
September! 1961). 

***' C. if JfiiytnitirTT Acta Chem Scand. 10, 500 (1956) and 11, 151 (1957). 
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jt is worth noting that the distance between the spin-forbidden transition to s r 4 , also 
of VtV* an< * is 5 kK in Ir dtp g , corresponding to a much smaller nephelauxetic 
effect. This distance 122 ' is 5 6 kK in IrBr^, 6.2 kK in IrCi*®- and 7-1 kK in Iren/*-, 
demonstrating conspicuous deviations from the expanded radial function model in the 
more covalent complexes’ 28 ’, though the strong effects of intermediate coupling* 2 *’ in 

kK 


20 30 40 50 



p, G i_Absorption spectra of the two low-spm rf‘ complexes rhodium(UI) and 

iridium(lll) tris(diethyldithiophosphates) in ethanol 


lr(IJI) are partly responsible for the deviations It may be remarked that the Pryce- 
Koide model of (1 — fe)S diminish the energy differences 3 F 4 - and a T 4 — x r s to 
the same extent Table 1 collects wavenumbers of the absorption bands of the 
octahedral complexes involved. 

The colourless In dtp 3 is remarkably stable and can even be precipitated from 0-5M 
nitric acid from In(NO s ) 3 and NH, dtp In dtp, and Cr dtp 3 can be syncrystalhzed, as 
well as in In dtp„ with Fe dtp 3 or Rh dtp 3 The iron(lll) complex is very unstable, the 
(greyish-green at lower, dark-purple at higher optical density) solution in ethanol 
decolourizes rapidly, presumably forming Fe(U) in close analogy to the ephemenc 
colour reactions of Fe(Ill) with W - cysteine, thiourea, etc., where RSSR frequently 
is formed. The black crystals of Fe dtp 3 deliquesce in air and form brown hydrolysis 
products. However, the mixed crystals of very little Fe dtp 3 and much In dtp 3 are 
stable for a long time and are remarkably dark-violet The reasons for this strong 
colour will be discussed in the section on electron transfer bands. 

Ni dtp, is low-spm, square-planar, as seen from the fact (Table 2) that no internal 
transition in the partly filled shell occurs below 14-5 kK. On the other hand the green 
pyridine adduct (which was already prepared by Professor Fernelius), Ni dtp 2 py 2 is 
seen to have a band at 9-0 kK and is most certainly hexacoordinated, high-spin. 

In aqueous solution, even 0 - 8 MNH 4 +dtp~ does not change the spectrum of 


“ f u—y Pros 0*1). 
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Tabus 1.—Absorption bands of complexes where the central ion is coordinated by 

SIX SULPHUR ATOMS 


3 d* Cr dtp. 


Cr dtc, 

CKSjCNHj), 
(Kida and Yoneda'**') 

3d 6 Fe dtp, 

Fe dtc, 

3d* Co(S,CNH,), 

(Kida and Yoneda'”') 

Co exan, 

(Kjda and Yoneda'**') 
Co dtc, 

Co(III)thiogtycollate 

4d* Rh dtp, 

Rh dtc, 

4d” I" dtp. 


Assignment 

A(m^) 

<kK) 

e* 

*r, - *r. 

(763) 

131 

(225) 

-*■ doublets 

(732) 

13-6 

(320) 

—*r. 

697 

14-3 

380 

-* *r t and doublets 

536 

18-6 

270 

523 

191 

265 

Electron transfer 

( ((347)) 

((28 8)) 

(5,000) 

n -* y t and n -* y. 

(315) 

(31 8) 

(9,000) 

l 280 

35 7 

15,200 

_ 

(258) 

(388) 

(6,000) 

— 

(238) 

(42 0) 

(8,000) 

*r, — *r» 

643 

155 

380 

-*r. 

490 

204 

360 


316 

316 

higher 

4 r a -*r\ 

— 

15 5 

310 

-*r 4 

— 

200 

310 


— 

(-27) 

—3,000 

— 

— 

32 

—15,000 

Electron transfer 

598 

167 

—1,500 


498 

201 

—1,300 


(392) 

(25 5) 

—4,000 


354 

283 

—5,000 

Electron transfer 

(586) 

(17 1) 

—1,200 


509 

197 

—1,700 


(389) 

(25 7) 

—7,000 


346 

28 9 

—9,000 

•r, -»r, 

_ 

157 

280 

-T, 

— 

20 7 

630 


_ 

26 2 

8,000 

_ __ 

— 

31 8 

18,000 

T, -* T, 

620 

162 

270 

->r s 

480 

20 8 

360 


353 

28 3 

13,000 

_ 

285 

35 2 

32,000 

>r, -* i r. 

645 

15 5 

—100 

—»r,? 

(480) 

(20-8) 

-600 

_ 

(393) 

(25 4) 

—9,000 

_ 

(360) 

(27 8) 

—12,000 

_ 

323 

31 0 

—20,000 

>r —»r« 

(613) 

(16 3) 

—360 


483 

20 7 

—2,200 

— 

397 

25 2 

—2,700 

*i\ -^r. 

470 

21 3 

1,090 

-T, 

410 

24-4 

7X0 


321 

31 2 

12,600 


(273) 

(36 6) 

(18,000) 


258 

38 8 

23,200 

_ 

((227)) 

((44 0)) 

(8,000) 

T, -T, 

423 

23-6 

— 

__ 

282 

35 5 

— 

. _ 

252 

39-7 

— 

_ 

226 

442 

— 


294 

340 

1.150 

Internal ’ 

244 

41 0 

8.400 


<210 

>48 

>18.000 
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Table 1 (cont’d) 




Assignment 

*(m/i) 

0(kK) 

€ 

id* 

Irdtpi 

t.-t. 

472 

21 2 

230 



-*r. 

381 

26-2 

1,070 



- i r. 

(350) 

(28 6)' 

890 



— y. 7 

267 

37 4 

12,290 



— 

(232) 

(431) 

(19,500) 



— 

219 

45 7 

23,100 

6s 2 

Bi dtp. 

‘r.-'r. (r,)? 

(395) 

(25 3) 

3,000 



-*r,(r 4 )t 

329 

30 4 

13,700 



— 

(277) 

(36-1) 

6,800 




233 5 

42-9 

36,400 


* Molar extinction coefficient e of absorption maxima, and in parentheses, of shoulders. 


Table 2,— Absorption bands of low-spin d 8 

SULPHUR ATOMS AND THEIR HIGH-SPIN 

COMPLEXES COORDINATED BV FOUR 

PYRIDINE ADDITION COMPOUNDS 



Assignment 

2(m/i) 

<j(klC) 

e 

3 d a 

Ni dtp. 

Tn-T., 

689 

14 5 

75 


-•r,. 

524 

19 1 

90 



-*‘JV 

383 

26 1 

800 



* —y« 7 

317 

31 6 

16,400 




(280) 

(35 7) 

4,000 



— 

228 

43 9 

10,000 


Ni dtp,py, 


1,115 

90 

20 


-* a n\ 

712 

140 

18 



-* bH\ 

(441) 

(22 7) 

40 


Ni dtc. 

T„ -T„ 

631 

158 

— 



-T„ 

(472) 

(21 2) 

— 



— 

(428) 

(23 4) 

— 



_ 

388 

25 8 

~6,000 



_ 

327 

30 6 

~32,000 


Ni(S,CNH,) a 


— 

156 

63 


(Kida and Yoneda 11 *’) 

— *i'.« 

— 

20 4 

150 


_ 

— 

(23 5) 

1.100 



_ 

_ 

26 0 

3.300 




_ 

321 

28,000 




_ 

—40 

—15,000 


Niexan, 


642 

155 

-50 


_ 

480 

20 8 

—1,500 




478 

23 9 

—2,700 




(390) 

(25 7) 

—1,300 




316 

31 6 

—25,000 


Ni exan, py. 


( (1,080) 

[ 980 

93 

10 2 

—15 
—20 



-o*r. 

629 

159 

-50 

4 d* 

Pd dtp, 

‘r,,- t„ 

460 

(339) 

21 8 
(29 5) 

216 

2,600 



y f3 7 

294 

34 0 

29,800 




259 

38-6 

5,700 


Pd dtc, 

’r,,—‘l’,. 

449 

347 

22'2 

28 8 

large 

5 d* 

Pt dtp, 

— s r 

420 

282 

23 8 

35 5 

100 

2,000 



■n -* y„ 7 

251 

227 

39 8 

440 

16,800 

18,200 
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Mo(II) measurably, and the spectral change produced by dtp - on Co(H t O) 6 * + j s ^ 
very small. The 3d-elements with the oxidation number +2 (with the possible 
exception of Cu(II» seems to form only weak complexes with dtp - (quite in contrast 
to, say, Rh(IIl) and Ir(III)). The purple solution of Ni dtp a in ethanol is fairly 
sensitive to water; addition of 20 volume per cent decreases the apparent molar 
extinction coefficient to a fifth of the original value, but without changing the position 
of the band maxima. The completely decomposed solution (in above 60 per cent water) 
is pale-green having maxima (weak, though measured in a 5 cm cell) at the same place 
as Ni(H a O) 6 a+ . The only indication of the possible existence of high-spin Ni dtp, 
(H a O) a or Ni dtp (H a O) 4 + in this solution is the slightly higher extinction coefficients 
than those of the ordinary aquo ion. On the other hand, strong solutions (~0-5 M 
NH 4 + dtp - ) precipitate easily Ni(H 2 0) 6 2+ as the purple crystals of Ni dtp a which are 
not wetted when once dried. 

The orange Pd dtp 2 and lemon-yellow Pt dtp 2 were next prepared. It is necessary 
to add PdCl 4 ^ or PtCl 4 2- to an excess of dtp - . 

Spectral data for four-co-ordinated complexes are given in Table 2. 

Diethyldithiocarbamates 

Chatt, Duncanson and Venanzi** 6 * have thoroughly discussed the complexes of 
dtc - = (C 2 H 6 ) 2 NCS 2 ~. This ligand, well known from the analytical determination of 
copper(II), actually forms strong complexes of a long series of metals, extractable in 
chloroform or dichloroethane in the case of neutral inner-complexes, discovered by 
Delaine.** 6 ’ Recent studies have been made by Gleu and Swab* 27 * and DELkpiNt.' 2 *' 

Crdtc 3 was independently prepared and measured by Dr. Schaffer and the 
author; the deep violet crystals and solution m organic solvents are very unstable 
towards water, hydroxo-complexes being precipitated. 

As discussed by Regenass el al., m) aqueous solutions of Co(Il) and dtc - are 
immediately oxidized 1281 to green Co dtC 3 . While the internal transitions in the partly 
filled shell have higher wavenumbers m M dtC 3 than in M dtp 3 , corresponding to a 
later position in the spectrochemical senes, the Laporte-allowed bands in the 
ultraviolet occur at lower wavenumber 12 ®* in M dtc 3 , as will be discussed in the 
appropriate section below. 

Here, Rh dtc 3 was prepared as orange crystals. If RhCi„ 3- simply is boiled with 
Na + dtc - , brownish-yellow products are obtained which probably contain chloride and 
hydroxyl groups. On the other hand, even at room temperature or at 50'C, 10 per 
cent ethanol -f dtc - produces the pure compound. Del£pine (30) discovered the 
spectacular catalysis of alcohols on the reaction between pyridine and RhCI 6 3 . 
forming trans-Rh py 4 Cl 2 + . This catalysis is found, but usually to a smaller degree, in 
other Rh(lll) reactions, e.g formation of Rh mal 3 -3 or trans-Rh py 4 Br 2 + bromide 
(the filtrate can be treated with C10 4 - ) in fair yield from the solution* 31 * of Rh(IU) m 
HBr -f Br a and pyridine. 

*“> J Chatt, L A. Duncanson and L M Venanzi , Suomen Kem 29 B 75 (1956) 

12,1 M Del£pine, Bull Soc Chim France [ 413, 643 (1908). 

1,71 K. Gueu and R. Schwab, Angew Chemie 62. 320 (1950) 

<**> M DeiIpine, Bull. Soc. Chim France 5 (1958). 

'*•' W. Regenass, S. Fallab and H. Erlenmeyer, Heb chim Acta 38, 1448 (1955) 

M. DeLfcPTNE, C.R Acad Sci , Paris 236, 559 (1953) 

1,11 L. G SnxiN and C. Berecki-Biedermann, Research on Characteristics of Transition Elements m 
Solution, A F.61(052>181, Stockholm (1960), and Proc 7 ICCC, 161 (1962). 
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The olivo-grcca Ni dtc 8 is low-spin 144 ', and the solution in chloroform docs not 
yeero to react with pyridine. Yellow Pd dtc 2 was prepared. Spectral data are given 
iu Tables 1 and 2. 

KtDA and Yonedx 138 ' studied Cr(IlI), Co(lII) and Ni(ll) complexes of the non- 
3 lltylatfid dithiocarbamate H 4 NCS*~ and of ethylxanthate exan~ = QH^OCSj - , 
Since Kiox and Yoneda’s paper is not readily accessible in several places, their 

m/x 

IOOO 800 600 400 



KK 

Fiq 2 _Reflexion spectra of crystalline powders mckel(U) tr.s( t hiosem.carbazide)iod.de 

and ntckeKH) b lS ( 2 , 2 '-di(ammoethyl) S ulph.de) perchlorate 

it h,vp heen included for comparison in Tables 1 and 2. Recently, Schaffer 121 ' 
results . , r r r (iij\ anc j Co(lll) complexes of a large variety of 

has made a Hence, we shall not here indulge 

alkylxanthates R 2 b , k the ra ther unusual observations by 

*J ./of Nicin, w, » .ted, comparable .o low-spm N.do,and hi* 
spin Ni dtp 2 py 2 (Table 2). 

virtue of the two amino groups an or complexes with one and two 

atom. GON.CKet a/.- demonstrated! *2XnMM amines and 
molecules daes to approximately ^ quite in contrast to all the 

concluded that Ni(ll) presumab y is g P . ds and thioamvno acids. This 
low-spin four-coordinated complete Table 3 and on Fig. 2. We 

conclusion is confirmed by the and crysta Uized a violet perchlorate 

prepared daes according to Mills and „ s n,(H) complexes with the 

Ni daes s (CIO*)*. This may be compared with the various m P 

n gA (19311: 66,656 0933). 

1,11 L Cambi and L. Szeo6, Chem Disch. Ges ' 6 j 0 $ g (t9 55 ) 

i»i s Kida and H. Yonlda, J Chem. Soc Japan! , 2 76, 128 (1954) 

H Krebs, E F, Weber and H Fassbenoer^^ j ^ chem Soc. 76,4671 (1954). 

E. Gonick, W. C. Ferneuus and . 62, 1177 (1940) 

E. ] Mills and M. T Booert, J Amer. t hem 


(39 I 
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Table 3.—Absorption bands of various nickel(U) compounds not included in tabu 2 


1 


Assignment 

Mxn/n) 

crOciC) 

e 

Nl daes,(C10«)s 

crystals 

*r» — *r» 

f (950) 

(105) 

— 



tetragonal splitting 

| 860 

11-6 





1 (665?) 

150?) 




tetragonal splitting 

i 560 

17-85 




— &*r* 

360 

27 8 

— 

Ni daes,*+ 

solution 

*r a - fl *r* 

553 

181 

is 


in water 

-i»r* 

354 

28-3 

19 

Ni tscazjt 

crystals 

•r a — >r 5 

(0,000?) 

(100?) 




tetragonal splitting 

( 900 

11 1 

_ 



-aT* 

580 

17-25 




-ft* r* 

370 

27 0 

-- 

Ni tscaz 

cio«- 

8 r a ->a*r, 

588 

170 

26 


solution 






in water 

-6 s r* 

367 

27 2 

— 

Ni(S,O a C,)u‘- (Kida 160 ') 


Internal ’ 

(575) 

(17 4) 

2,400 



Internal'’ 

501 

199 

4,000 

Ni(S a O a C a H a ) a (Deskw 14 * 1 ) 


*r (l -*‘r (a 

575 

174 

167 

Ni(S,CV- (Deskin 1 ** 1 ) 


Internal'’ 

510 

19 6 

1,600 

Ni dmp s *- (Leussing'* 51 ) 


t ,i —’r, a 

620 

162 

-100 



— *r„ 

480 

209 

—100 



— 

310 

32 2 

—12,000 

Ni(II) thioglycollate 


i r /1 -► 

(611) 

(16 4) 

40 



-T,, 

513 

19 5 

83 



— , r„‘> 

(417) 

(24 0) 

66 


environment Ni0 2 N 4 previously reported' 5 6) and A of the environment NiS 2 N 4 of 
Ni daesj 2+ is seen to be somewhat larger. On the other hand, Ni dtp 2 py s , having the 
environment NiS 4 N 2 , has definitely a lower A than usual Ni0 4 N 2 , as expressed on 
Fig. 3. This is caused by the fundamentally different spectrochemical behaviour of 
sulphur with three lone-pairs RS~ and with two lone-pairs R 2 S, while A is even larger 
in Co(III) and Rh(III) sulphite complexes with only one lone-pair S0 3 2- . 

Thiosemicarbazide complexes 

tscaz = NH 2 NHCSNH 2 is a bidentate ligand, binding metal ions with the first 
amino-group and the sulphur atom. ,8, - M) It is possible to prepare red complexes of 
nickel(II) Ni tscaz 2 2+ which were shown by Asmussen 37 to be low-spin, as expected of 
the environment N 2 S 2 , but also blue Ni tscazg 2+ which are ordinary high-spin octa¬ 
hedral complexes. Further on, blue addition compounds Ni tscaz2(NH 3 ) 2 2+ are 
known.' 87 * 

The high-spii^form with environment S 3 N 3 is an exception analogous to Ni daes 2 2 
As seen from Fig. 2 and Table 3, the spectrum is essentially octahedral, but showing 

l,7> R. W. Asmussen. Thesis, Copenhagen (1944). 

,UI K. A. Jensen and E. Ranck-Madsen, Z Anorg. Chem. 219, 243 (1934). 
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str0 og tetragonal spUtting of the first spin-allowed transition to *r 6 . This is compar- 

lbk fi to rati < ^2 6 N wSl C N-H nd Z^ that NltMZ *^ has trSs- 

configurahon 1,2,6, While Ni daes 2 2 + is expected to be 1,6 with respect to the two 

.u'phur atoms. An alternative explanat.on is strong deviations from right-angled 

I jNiLi bonding of the ligand atoms L, and L 2 . 6 * 



Fig 3.— Wavenumbers in kK(= 1000 cm ’) of the 
two transitions to a*r 4 and b*V, of high-spin octahedral 
mckel(II) complexes of nitrogen and sulphur (filled 
circles) or oxygen (empty circles) ligands 


The bond order of CS in tscaz must be intermediate in character between the 
thio-ethers R 2 S and the mcrcaptides RS , and consequently A is somewhat smaller than 
expected from the N 4 S 2 environment of Ni daes/+ (see Fig. 3). 


Spectrochemical position and chemical bonding in low-spin d 8 complexes 

After the establishment of the Ni-atom in a compound with the environment 
NiAsjBrjj being above the plane 39 of the four ligand atoms As. ( Br, and the existence of 
square-pyramidal Ni(CN) 5 3 “, several authors 140 411 have expressed the opinion that, in 
low-spin tetra-coordmated d 8 complexes MX 4 , the central atom M may very well be a 
little out of the plane formed by the four ligands X This distortion is, however, so 
small that, as a first approximation, we may use the group-theoretical quantum 
numbers P <n appropriate for the tetragonal symmetry D ih with a centre of inversion. 

If only a-bonding in the MX 4 complex were important, the four non-bonding 
orbitals constituted primarily of the c/-shell of M would be nearly degenerate, and the 
three transitions from these four orbitals to the empty, o-antibondmg y, 3 (consisting 
of (r 4 — y 2 ) of M and <r-electrons of X) would approximately coincide. This situation 
occurs in Pd(NH a ) 4 2+ . However, if ^-bonding of X is also of some importance, the 
three transitions from the ground-state 1 I'' n have the order of increasing wavenumber. 

-* 'Tjj y, 4 (xy and ttX) -*• y a 

-* 1 r ti y a ((xz, yz) and ttX) ->y l3 (3) 

i r <s y (1 (2z* — x* -y')-+y « 


(am 

140) 

(« 1 > 


G A. Mair, H M. Powell and D E Henn, Proc Chem Soc 415 (1960). 

L E Orqel Private communication (I960) 

L Sacconi, M. Ciampolini, F MxGoioandF P Cavasino, J. Inorg Nuc! Chem. 19, 


73 


(1961). 
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as originally found in PtCl 4 *~ by Chatt et al. ta) and supported on M.O. basis by ,\ 
study of palladium(II) complexes. (J,4) Recently, all three components have been 
identified by dichroitic studies of nickel(II) biguanide complexes' 43 * and the yellow' 44 ' 
Ni(NH a CH g CHjN(C 2 H s )2) 2 2+ . 

Leussing' 45 * studied complexes of dmp* - (where dimercaptopropanol HSCH a (HS; 
CH CH 2 OH is dmp Hj) and dimercaptoethane with Ni(II), having the environment 
S 4 and low-spin. The spectrum given in Table 3 is clearly analogous to PdCl,- 
demonstrating 7r-antibonding effects of sulphur (twice (4> the distance between 1 T (2 and 
1 r t5 ) on the 3d shell, corresponding to 94 kK (1 kK = 1,000 cm -1 ). This must be 
compared with the o-antibonding effect (^20-9 + 4-7 ~ 25-6 kK), confirming 
Leussing’s statement that cr-antibonding is considerably more important than 77 - 
bonding in his sulphur complexes.* The m-antibonding effects are 9-2 kK in Ni dtp 2 
according to Table 2. It may be discussed whether the third, much stronger band of 
Ni dtp 2 can possibly have i r (3 as excited state. This is not excluded when considering 
the admixture of odd y t2 (p,) with y a which might become possible with a distortion 
where the Ni nucleus is outside the plane of the four sulphur nuclei. 

The spectrochemical position of a low-spin d % complex is closely related to the 
spectrochemical behaviour of A in octahedral complexes, if the first, spin-allowed band 
is considered , 3 in both cases expressing the difference between the a- and 7r-antibonding 
effects of X on the partly filled shell of M. The mckel(II) complexes described here 
afford the following spectrochemical series: 

dtp - < exan - ~ dtc - < dmp 2- < thioglycollate < dithiomalonate < amines (4) 

There does not, at present, exist a satisfactory theory for the choice between low-spin 
and high-spin behaviour in Ni(II). Nearly all sulphur-containing ligands form NiS 4 or 
NiSjN 2 environments, but Ni daes 2 :+ with high-spin is a remarkable exception 
While NiN 4 does not seem to form with o-phenanthroline and aa'-dipyridyl, and with 
ethylenediamine only under unusual circumstances , 48 Cotton and Fackler 47 demon¬ 
strated that monomeric Ni(II) acetylacetonate has the environment Ni0 4 and is low- 
spin. Of course, a part of the explanation of these anomalies must be found in the 
delicate balance, where M.O. energy differences (i.e. the spectrochemical position) arc 
compared with the parameters of interelectronic repulsion (and hence the nephel- 
auxetic effect). 

Spectrochemical position of sulphur-containing ligands in octahedral complexes 

By comparison with previously discussed values' 3,4 ’ 7 * of A in Cr(lII), Co(lll). 

* However, as Dr. D L Leussing was so kind to point out, the results of Equation (3) may be 
changed if the S-atoms are attached to form chelate ligands Thus, the 3p-orbital of sulphur in ihc 
xp-plane may be predominantly used for o-bondmg of the other atom bound to sulphur, and the 
3 p, orbital hence have the strongest 7r-anti-bonding effect on the central ion, i e. y lf having higher 
energy than y lt . Hence, the identifications of ’r (J and , r, I given in Table 2 may have to be inter¬ 
changed. 

,4 *’ J. Chatt, G. A. Gamlen and L. E. Orgbl, J Chem Soc. 486 (1958). 

<tt * A. Chakrovorty and S. Basu, J. Inorg Nucl. Chem 17, 55 (1961). 

'«» S. Yamada. Private communication (1960) 

*«> D. L. Leussing and G. S. Alberts, J. Amer. Chem. Soc. 82, 4458 (1960). 

(4 * 1 K. Some and M. Kato, Z Anorg. Chem. 301, 277 (1959). 

<*” F. A. Cotton and 3. P. Fackler, J. Amer. Chem Soc. 83, 2818 (1961). 
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Rh(IH) and Ir(III> complexes, the ligands studied in this paper fell into places in the 
spectrochemical series: 

Br < Cl - < dtp- < F~ < dtc- < exan- < H„0 < R 2 S < NH 3 < SO 3 9 - < 

N0 2 -<CN- (5) 

sulphur showing a much greater spreading than of any other ligand atom known. 
However, one precedent was discussed by Shimura and Tsuchida<“>, the azide ion 
N 3 “ which is situated between Cl and F~ in equation (5). In general, nitrogen- 
containing anions, such as R 2 N- have substantially lower values of A than the 
neutral amines. The interpretation of A as the difference between c- and rr-anti bonding 
effects on the partly filled shell explains these facts satisfactorily: ligands with exactly 
one lone-pair, such as NH», are primarily cr-bonded to the central ion. We neglect 
here the influence of empty higher orbitals of the ligands, which may increase A by 
Ti-bonding in the direction from M to X. This neglect seems well-founded in NR a , but 
may be much less so in PR S and AsR 3 . However, there is much chemical, and even 
some spectroscopical, evidence that the tendency to this rr-bonding M -* X only 
occurs at low oxidation numbers of M and that the importance, for a given central ion, 
decreases strongly in the series 

CO > dip > phen > CNR > CN~ ... ( 6 ) 

and is probably rather weak in the sulphur-ligands discussed here. 

The difference between dtp - on the one hand and dtc and exan- on the other hand 
is quite illustrative for the idea of the number of available lone-pairs of sulphur 
determining the (negative) influence of rr-bondmg M ■«— S on A. There is much 
chemical evidence that the bond-order of the P—S bond is very close to 1, i.e. it is a 
nearly pure w-bond, while C—S bonds may have somewhat higher bond-orders, 
probably close to 1 -33 in CS 3 2 ” Therefore, the number of available lone-pair electrons 
is expected to vary: 


dtp 

dtc - , exan - 

RCOS- 

R 2 S 

R^SO, S0 3 2 ' 


8 — 2 — 6 
8 - 2 — x ~ 5-5 
8—3 — 5 
8 — 4 — 4 


( 7 ) 


in close correlation with the spectrochemical series, Equation (4) and (5). When 
(CH 3 ) 2 SO exceptionally binds M with the sulphur end, A is expected to be very high. 
The value for RCOS~ can be derived from the behaviour of nickel(II)-bis-(dithio- 
malonate) (4#) in Equation (4). The much higher absorption bands 149 ' 501 of the complex 
of dithiooxalate SOCCOS 2 are probably caused by internal transitions in the ligand, 
as discussed in the next section, and they cover completely the weaker transitions m the 
partly filled shell. 

Equation (7) has a less clear significance for solids, such as ZnS and CdS, where 
each sulphur atom should form u-bonds alone with the four neighbouring metal 

" ,1 Y Shimura and R. Tsuchida, Bull. Chem . Soc Japan 29, 311 (1956). 

W A. Deskin, J. Amer. Chem. Soc 80, 5680 (1958). 

'**’ S Kida, Bull . Chem. Soc. Japan 33,1204 (I960). 
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atoms. However, the conditions in the crystals are essentially different, and A of 
cobalt(II) substitutionally included in such a compound may very well still express a 
mixture of a- and 7r-bonding of the cobalt atom. Similar problems arise in oxides' 51 ’ 
where three-, four- and six-co-ordinated oxygen may produce values of A scattered 
around the values found in the hexaquo ion, while monomeric complexes, such us 
those containing RCOO~ and OH - ligands, have lower values of A, analogous to 
Equation (7). 

Strong absorption bands of sulphur-containing complexes 

Usually a condition for occurrence of absorption bands at relatively low wave- 
number in a compound outside the transition groups is the existence of bonds with 
fractional bond-order, e.g. mixed a- and w-bonds with bond-orders above 1. There are 
exceptions to this rule, e.g. Cl 2 and I 2 , with very weak cr-bonds. However, most 
sulphur compounds studied here fall in this category. From a group-theoretical 
point' 58 ' of view, the simplest case is represented by CS s 8 ~ having' 5 ®' a rather weak 
symmetry-forbidden transition at 22 kK and two much stronger transitions at 29 and 
33 kK. As pointed out by McConnell,' 54 ' these transitions are comparable with 
respect to symmetry-type to the weak band at 32 kK and strong band at 50 kK of 
NO a . The xanthates and dtc are essentially substituted molecules of the CS 3 2 type 
and have accordingly a series of bands in the ultraviolet which are expected to be 
shifted and multiplied to some extent in complexes, such as is well-known in nitrites,' 55 ' 
acetylacetonates' 56 - 57 ' and in complexes' 58 ' such as Co cn 2 (SPO a ) 2 3- and Co en 2 
(SSOslsT having spectra closely similar to trans-Co en 2 Br 2 +. 

It is important to distinguish between internal transitions in the ligands and elec¬ 
tron transfer bands. It is often useful to compare complexes with a closed rf-shell 
with those containing a partly filled shell. Thus, the strong bands' 59 60 ' of Zn dtc 2 
occurring at 35-5 and 38-4 kK are most evidently internal transitions and have about 
the same positions as the solution of the ionic Na+ dtc - (34-7 and 38-8 kK). When 
Cu dtc^ has a band at 22-9 kK with e ~ 1 2,000 (cf. also reference 29) it must hence be 
an electron transfer to the hole in the 3d shell. The strong bands of Ni dtc 2 at 25-8 and 
30-6 kK are probably also electron transfer transitions. Kida and Yoneda' 33 ' made 
similar comparisons between K + exan~ (26-2 kK, e — 55 and 33-2 kK, e — 17,000) 
and Zn exan 2 (29-0 kK, e = 200 and 34-2 kK, e — 22,000) showing a small blue shift 
of the internal transitions m the zinc(II) complex. 

It is remarkable how high a wavenumber the first band of dtp - has, viz. 44 5 kK 
with the half-width d(—) = 2-5 kK. This band can be ascribed to a sort of Rydberg 
excitation' 8 ' 3 p -*■ 4s of sulphur, m analogy to the 4 p —5j bands of bromide ions (61) 
We would expect electron transfer from dtp - to the central atom of the complexes to 

<H ' O. Schmitz-DuMont and D Reinen, Z. Eleklrochem. 63, 978 (1959). 

«" S. P. McGlynn and M. Kaska, J. Chem. Phys 24 ,480 (1956). 

H. v. Halban. A. Makcert and W. Ott, Z. Eleklrochem 29, 445 (1923). 

,M » H. M. McConnell, J. Chem Phys. 20, 700 (1952) 

M. Linhard, H. Siebert and M. Wekjel, Z Anorg Chem. 278, 287 (1955). 

“*> R. H. Holm and F. A. CorroN, J. Amer. Chem Soc. 80, 5658 (1958). 

D. W. Barnum,/. Inorg. Nucl. Chem 21, 221 (1961); 22,183 (1961). 

'*•' J. Hid aka, J. PtijrTA, Y. Shiwura and R. Tsucwida, Bull. Chem Soc. Japan 32, 1317 (l 1 ' 

H. P. Koch, J. Chem. Soc. 401 (1949). 

K. E. Kress, Analyt Chem. 30, 433 (1958). 

'• 1 ' C. K. Jorgensen, Solid State Physics 13, 375 (1962). 
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occur *t wavenumbers comparable to those of bromide complexes,'®' because it is 
now realized that a close connection exists between these quantities and the Pauling- 
Mulliken electronegativity scale.' 4 ’ 8 ' Actually, the first strong bands have similar 

wavenumbers in kK. 


Rh dtp 3 

31-2 

Rh Br 3 3 ' 

30-1, 33’9 

Ir dtp 3 

371 

Ir Br 6 3- 

36-8, 41-1 

Pd dtp 2 

340 

Pd Br 4 2 ~ 

30 2 


The doublet structure in the hexabromide complexes is connected with strong 
relativistic effects of intermediate coupling.' 82 ' The assignment rr-*y 3 for the electron 
transfer bands in Table 1 uses the symbol ir in a somewhat less clear-cut way than in 
the hexahalides, since only six and not twelve w-simiiar orbitals are likely to occur in 
M dtp 3 . This problem will be discussed elsewhere <63 ' 

The band of In dtp 3 at 41-0 kK is probably an internal transition, but the origin of 
the broad band (<5(—) = 2-4 kK) at 34 0 kK is much less clear. The two electron 
transfer bands of PbClg 2- have similar positions,' 62 ' but a comparison of Sn(IV), 
T1(JH) and Pb(lV) suggests that mdium(UI) chloride complexes have their first maxi¬ 
mum at 55 kK and In dtp 3 hence at some 46 kK. Possibly, one of the internal transi¬ 
tions is strongly shifted (to 34 kK), similar to the Rh(lII) and Ir(III) oxalate com- 
plexes,' 22 ’ or is a spin-forbidden internal transition in the diethyldithiophosphate 
eioup. However, the absence of such a band of Ir dtp 3 becomes even more con¬ 
spicuous. 4dy 3 -* 5s y x transitions, which are known in Ag(I), would already be 
improbable in Cd(Il) and frankly phantastic m In(lll). On the other hand, linear 
combinations of empty 4s-orbitals of sulphur, bonding between each pair of S atoms 
in dtp- and having, m general, no or only a few node-planes in In dtp 3 , might have 
comparatively low energy and be the excited orbital of the 34 kK band. The M.O. 
without node-plane at all has the same symmetry as 5s of the indium atom and may 


involve a small amount of this contribution. 

The rather narrow (<5(~) =- 1*1 kK) first band of Bi dtp 3 is best identified as the 
first intermediate coupling component of the % — transition (found for BiBr£ 
(or BiBr 2 ) at 26-8 kK, having the transition to 1 F 1 (6s 6p) at 38-5 kK), and me 
stronger component of 3 I\ occurring at 30-4 kK, whereas M x ‘1 \ ( 6s tyO P r ° * ^ 

occurs at 42.9 kK. It is therefore tempting to ascribe the shoulder at 36-1 kK ot 

Bi dtp, to some more or less internal transition 

The electron transfer is nearly certain to be the explanation of the bands i 
visible of Fedtp 3 and Fedtc 3 . An interesting question is whether these species are 
low-spin y 5 5 0 /high-spin y,W- Cambi and Szego< 32W present rather confusing 
magnetochemical evidence for tron(IH) xanthates and Fe dtc 3 , which might be inter- 
preted either as a thermic equilibrium between low-spin 

high-spin forms with S ? f. or as very strong anti-ferromagnetic coupling with large 
deviations from the Curie-Weiss’ law that onlv the 

From a spectroscopical point of view, the presen wri e P eco i our . jhe 

low-spin fraction of a given compound participates in l . e s ™ ^ more sp j n . 

reason is that the excited configuration y s 6 of a °W' S P 11 '' 0 tribution 

pairing CM ,gy»" than .ha groandsUK, white ftW ha, the contnbht.on HO. 

C K. Jorgensen, Molecular Phys 2, 309 (1959) 

" Jl C K Jorgensen, Molecular Phys 5, 485 O’M) 0937), 

L Cambi and L. Malatssta, Ber Chem. Dtsch Ges 70 ,2067 (W O. 
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The difference 2 D is sufficient to shift the electron transfer bands from 17-20 kK out 
in the near-ultra-violet. Actually, the high-spin form might have its bands in the 
visible, but then the expected shift to lower wavenumber by formation of the low-spin 
forms is not observed. 

Dr. C. Schaffer was so kind as to point out to me that Fe exan a forms nearly 
colourless solid addition compounds with three molecules of pyridine and that a 
solution of Fe dtp s in organic solvents is decoloured by small amounts of pyridine 
It might be argued that the ratio A/B (e.g. expressed as the competition between 2A 
and 8 D) would be higher in a mixed pyridine complex, both because of later spectro- 
chemical position of pyridine and less pronounced nephelauxetic effect. Hence, the 
threshold-value for high-spin behaviour might be crossed. Rough estimates of A - 
12 kK and D ~ 6-5 B ~ 3 kK for Fe dtpj suggest that this compound is indeed low- 
spin, but close to the lower limit of A/B. (Actually, Malatesta and Pizzotti (15 > 
report the molar magnetic susceptibility 14,900.10 -4 for Fe dtp 3 at 20°C, indicating 
S = f). 

Dr. Schaffer also attracted my attention to the fact that Cr dtp 3 is highly 
dichroitic. This must be caused by a trigonal distortion from octahedral symmetry, 
similar to that studied in the polarization experiments on tris(oxalate) complexes by 
Carlin and Piper. (85) The very strong intensities of the y b y 3 transitions of 
Crdtp a , Rhdtpa and Irdtp s (some ten times higher than in the corresponding 
hexachlorides) may therefore not only be caused by vibronic interaction with low- 
lying electron transfer states, but may also, in part, be produced by static distortions 
without a centre of inversion. 

It is expected that diethyldithiophosphate will show up to be as versatile a ligand 
for formation of inner-salts as acetylacetonate has been shown to be in the literature 
The yellow or red colours of platinum-group ions, with their environment consisting 
entirely of sulphur atoms, are quite surprising - dark-brown colours might have been 
expected (though, for the reasons outlined above, the sulphite complexes are usually 
colourless). The somewhat contradictory combination of relatively high wavenumber 
of the electron transfer bands and very large nephelauxetic effect makes dtp - a rather 
unique ligand among those known at present. 


Experimental 

The colourless crystals of NH, + dtp~ were supplied by American Cyanamid, Stamford. C mn 
They are clearly soluble xn water or ethanol and keep well in air. 

Rh dtp, was obtained by boiling 7 g Na,RhCI„ 12 H,0 (H. Drufhout and Zoon, Amsterdam) 
with 50 ml 1 M aqueous NH, dtp. After two hours on a vapour-bath, orange-red Rh dtp, was nearly 
quantitatively ppt. and was recrystallized from boiling ethanol, producing dark-red crystals. They are 
too soluble in chloroform or dichloroethane to be readily recrystallized from these solvents, if not 
mixed with alcohols. (Found: C,21-91, H,4 70, P, 15 31, S,31-62. Cak: C. 21 - 88 , H.4-65, P,1411, 
S.29-21 %). 

Ir dtp, was made in a similar way from 8 g Na,IrCl„ 12 H,0 (H. Drufhout and Zoon) The 
recrystallized material is yellow (Found: C.19-44, H.4-24, P, 12-45, S.25-38. Calc.: C ,19 24 , H.4 04, 
P.12-41, S,25-69%). 

In dtp, was made from 23 g very pure indium metal (H. Drufhout and Zoon), dissolved m 1 oo mi 
water and 200 ml Merck nitric acid p a. After all nitrous fumes had been boiled away, the solution 
was diluted to l.OCJO ml and 600 ml 1 M NH,dtp added. The white precipitate was collected and 
washed several times with water and showed the characteristic property of all M dtp, and M dtp, not 
to be wetted by water. It was then recrystallized from ethanol and gave rather large crystalline flakes 

, *“ T. S .Piper and R. L. Carun, J. Chem. Phys. 33, 608 (1960). 
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It is hardty neutralize the excess acid of the strong indium nitrate solution without pro¬ 
ducing an irreversible, cloudy hydrolysis product v 

Bi dtp, was precipitated from 0 1 M Bi(C10,), in 1 M HCtO. and an excess of 1 M NH*dtp. 
T 2dft^m’itSol 01 ’'’* ° " Sta0d 9 pr ° l0nsed washm S water, but were directly recrystel- 

Fo dt ?'“ n . be mad f frora anh y<i ro us iron(III) chloride dissolved in anhydrous methanol and an 
excess of NH,dtp in the same solvent. The black crystals decompose quickly. For the spectral 
measurements, solutions were made directly from the reactants, as aiso in the case of Fe dtc. 

Ni dtp, wasprecipitated as violet crystals from 100 ml 1 M NiSO., 6 H,0 (B D.H ) and 250 ml 
1 M NH 4 dtp. The pale-green filtrate involves a sensible loss of nickel. The crystals wererecrystallized 
from hot methanol, (Found: C,23-30, H,4’83, S,29 43 Calc C,22 39, H,4 70, S,29'88%). 

Ni dtp, py, crystallized from solutions of Ni dtp, in ethanol or chloroform by addition of pyridine. 
The pale-green crystals, when dried, smell only faintly of pyridine 

Pd dtp, was obtained by dropwise addition of 3-3 g K,PdCl, (H Drufhout and Zoon) dissolved 
in 20 ml water to 30 ml 1 M NH 4 dtp under stirring. If dtp is added to an excess of PdCl 4 l ~, a dark- 
brown mixture is obtained, probably containing the bridged complex dtp PdCl,Pd dtp. The orange 
ppt of Pd dtp, is recrystallized from hot ethanol (Found- C, 20 34, H, 4 19, P 13 01 S 26-46 
Calc: C, 20 14, H, 4 23, P, 12 98, S, 26 05 %) .. ’ 


Pt dtp, was prepared as a lemon-yellow ppt. by boiling 4 15 g K,PtCl. (H Drufhout and Zoon) 
m 50ml water with 25 ml 1 M NH, dtp (Found. C.17-19, H,3 43, P,10 12, S 25-71 Calc. C 1699 
H.3-56, P,10 95, S,22 67 %). 

Cr dtc, was prepared in low yield (due to formation of grey-green hydroxo-precipitates) from 
2 6 g Merck green [CrCl,(H a O) 4 ]Cl,2 H,0 in 200 ml absolute ethanol and slowly heated under 
magnetic stirring with 4moles (9g)Nadtc, 3 H,0 (Merck pa). The dark-violet crystals were 
dissolved in CHC1», whereas the filtrate was evaporated in vacuo The chloroform solution is 
perfectly stable 

Attempts to make Mn dtc, resulted in air oxidation to a black product, presumably containing 
Mn dtc,. 

Dark-green Co dtc, was made from 0 05 M Co(CO,), s (from CoCl„ 6 H s O in saturated 
NaHCO,with30%H,O,)andNa + dtc and extracted into chloroform As pointed out by Regenass, 
Fallab and Erlenmeyer 12 * 1 , cobalt(Il) salts form exactly the same Co dtc 3 with dtc~ in aqueous 


solution 

Ni dtc, was precipitated as olive-green crystals from stoichiometric amounts of aqueous Ni(C 10 4 ), 
and Na dtc, and dissolved in chloroform 

Rh dtc, was prepared as discussed on page 1576 Pd dtc, was made as a yellow precipitate from 
K,PdCl 4 added to an excess of Na dtc. 

K exan was crystallized from a mixture of KOH dissolved in absolute ethanol and an excess of 
redistilled CS, was added This was used for the preparation of orange-brown Ni exan, (which turns 
apple-green with pyridine m CHC1,) and yellowish-green Co exan 3 

According to Douglas and Fernelius' , s ', daes was made from condensation’ 361 of monomeric 
ethyleneimine with H,S. 1 M mckel(ll) perchlorate was added slowly under stirring to a 2 M aqueous 
solution of the product. The first and last fractions were discarded, because unreacted C,H 4 NH and 
polymerized ethyleneimme also form violet precipitates with Ni(C 10 4 ), The main product is violet 
crystals with the analysis. Cl,14 15, C,19 74, H,4 79, N,ll 41, S,12 53 Calc, for Ni does,(C10 4 ), 
Cl,14 23, C,19 29, H,4 85, N.ll-25, S,12 88 °„) 

Aqueous solutions being 0 2 M Ni(C 10 4 ), and 0 8 M thiosemicarbazide (Fluka reinst) arc dark- 
blue Under vacuum desiccation, a highly hydroscopic, crystalline material can be obtained However, 
due to the potentially explosive character of this salt, no extensive study was made. Pale-blue Ni 
tscaz,!, was precipitated from a solution of 0 2 M NiS 0 4 and 0 8 M thiosemicarbazide with a large 
quantity of crystalline potassium iodide The spectrum in Table 3 is of a solution 0 025 M NiS0 4 and 
1 M thiosemicarbazide One molar thiogiycoliic acid HSCH c COOH was treated with 2 moles of 
NaOH and used for preparation of a greenish-brown Co(lll) solution and a purple Ni(ll) solution 
which is unaffected by ascorbate ions However, at pH lower than 10, green Ni(ll) complexes are 
precipitated and the supernatant solution has a quite different spectrum 

The spectra of solutions were measured in the region 800-210 ni« on a Caiy-11 spectrophotometer, 
and between 1,100-800 m.u on a Beckman-DU. The latter instrument was also used for reflection 
spectra of crystalline powders in the region 1,050-340 ni/< , 

The spectra of dtp' complexes were generally measured in ethanol, while dtc and exan com¬ 
plexes were measured in chloroform solutions 
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Abstract—Spectra of dKtetra(n-butyl)ammonmm)-indium(!V)hexabromide are measured in a variety 
of organic solvents Shifts of the electron transfer bands in the visible, amounting to 2-5 per cent to 
lower wavenumbers, and comparable to the reflexion spectrum of the solid, are related to smaller 
indium-bromine mternuclear distances, compared to the aqueous solution of lrBr, a ~. A rough linear 
correlation exists between these shifts and the dielectric constant of the solvent The variation of the 
shift on the six absorption bands observed is used to support previous identifications of the energy 
levels involved Similar effects arc observed in IrCl/-, OsBr, 3 ' and OsI 6 2 " 

Bjerrgm et al. a) studied the influence of solvents on the position and extinction 
coefficient of absorption bands caused by internal transitions in the partly filled shell 
of the central atom and by electron transfer, i.e. transitions from a filled M.O. mainly 
delocalized in the ligands to the partly filled shell The low-spin 5t/ s -system IrBr e 2 - is 
particularly suitable for an investigation of solvent effects on electron transfer spectra, 
since a theoretical interpretation of the energy levels involved would be less compli¬ 
cated than m most other systems <2 31 

GuTBiFR and collaborators prepared a very long series of organic substituted am¬ 
monium salts of 5c/-hexahalides, e.g. of indium(IV)hexachloride ,4) and hexabromide. (6) 
The present author needed a salt which was as lyophihc as possible to organic solvents 
and he therefore prepared the tetra(n-butyl)ammomum salt [N(n-C 4 H 9 ) 4 ] 2 [IrBr g ]. 
While lrBr a 2 ' is violet m aqueous solution, the small crystals are sky-blue and the 
solutions in organic solvents pure blue The latter solutions are generally stable for a 
much longer time than the aqueous solutions, often for several weeks, though the 
acetone solution has a tendency to reduction to yellow-green Ir(lll), and the pyridine 
solution quickly reacts, during less than half an hour at room temperature, to form 
yellow-orange Ir(lll) complexes, such as Ir py 2 Br 4 . 

Table 1 gives the wavelength shift of the maxima (shoulders in parentheses) relative 
to water of the various organic solutions measured and in the reflection spectrum of 
the solid. Fig. 1 shows three characteristic spectra - the solutions in water and in 
dichloroethane, and the solid. In several cases, the solid could not even be dissolved 
to the extent of a few milligrams m 10 ml and then solutions in another solvent were 
made and a greater quantity of the original solvent added. This is the reason why 
mixtures occur rather often in Table 1. It is seen from the example of 15 per cent 
ethanol, 85 per cent dichloroethane that no drastic changes are expected on small 
additions of the more polar solvents, contrary to the case of the Katzin effect, involving 

111 J Bjewuim, A. W. Adamson and O Bostrup, Acta Chem Scand 10, 329 (1956). 

1,1 C K Jorgensen, Acta Chem. Scand 10, 518 (1956) 

1,1 C ft Jorqensen, Molecular Phys 2, 309 (1959) 

1,1 A Gutsier and F. Lindner, Z. Phys. Chem 69, 306 (1909). 

111 A Gutbier and M. Rress, Ber Chem Dtsch Ges 42,4770(1909) 
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Fig. 1.—Absorption spectra of [N(n-C 4 H,) 4 ] s [IrBr,] m water and in dichloroethane, and 
the reflexion spectrum of the solid compound in the form of small crystals The wave- 
number unit is 1 kK = 1000 cm -1 


Table 1 —Solvent effects (red shift in m/i) on the six transitions of 
I rBr, s in the region 800 500 m/i 


Transition 

Ha 

Hb 

He 

in 

IVa 

IVb 

Aqueous solution'*’, X 

(745) 

(700) 

673 

583 

545 

509 

50% H.O, 50% CH a OH 

( — 2) 

(-2) 

4 5 

+ 6 

+ 3 

+7 

CH,OH 

( + 3) 

+ 6 

-r8 

M3 

1-7 

-H5 

2,2,3,3-tetrafluoropropanol 

-7 

-t 1 

+2 

+4 

-> 3 

4-6 5 

CH,NO, 

+ 9 

+ 13 

+ 13 

■f-15 

+ 7 

+24 

88% CC1 4 ,12% CH»OH 

( + 8) 

+ 10 

+ 12 

+ 17 

+9 

r '9 

CHClj 

+ 12 

+ 16 

+ 15 

4 19 

+ 11 

4 25 

85 % C1H,CCH,C1, 15% C,H 6 OH 

+ 14 

+ 18 

+ 17 

+ 19 

+ 11 

(27 

OH.CCH.Cl 

+ 15 

+ 18 

+ 18 

+21 

+ 10 

4 28 

90%C,H„10%C,H S OH 

+ 13 

+ 17 

+ 19 

4 21 

+ 15 

-+-25 

95 % dioxane, 5%C t H,OH 

4 14 

•r 16 

+ 19 

+ 23 

+ 15 

H 29) 

CH.COCH, 

+ 15 

+ 18 

+ 19 

+24 

1 12 

( 1 34) 

C,H»N, fresh solution 

+ 17 

420 

+21 

+ 25 

+ 13 

( : 35) 

75 % C1,CCC1„ 25 % ClHjCCH ,C1 

+ 14 

+ 18 

+ 175 

4 20 

+ 12 

-127 

90%a,CCCl„ 10% ClHjCCHjCl 

+ 30 

+ 28 

430 

+ 37 

-1 20 

-1 36 

(cloudy solution) 

90°/ a a,cca t , io%c,h,oh 

+ 31 

+27 

4 29 

+ 36 

+20 

(-( 

(cloudy solution) 

Solid [N(n-C 4 H t )d, IrBr, 

+ 15 

+ 15 

+ 18 

+24 

+ 12 

, S l 

Relative wavelength shift AA 

058 

0 75 

0-79 

1-00 

0 58 

1 29 

Wavenumber shift (A A)/A * 

1-04 

1-53 

1-75 

2-95 

1 96 

4 98 
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solvation and complex formation with anions of metal ions in organic solvents with or 
without a little water. 

The data in Table 1 can be used in two different ways: comparing solvents or 
comparing the excited energy levels of IrBtf- Let us start with the first problem. 
The six absorption bands seem to shift in a rather regular way, as a function of one 
parameter Q only. This parameter seems to have its extreme values on one side in 
water, and on the other side in various, less polar solvents, including acetone and 
pyridine and the solid salt. Only two exceptions occur: the mixtures of tetrachloro- 
ethylene C1 B C=CC1 4 with only 10 per cent of ethanol or dichloroethane. The red shift 
parameter Q is here 50 per cent more than the value in the solid. However, these 
spectra have not been taken on true solutions. the liquid has a dusty appearance, and 
by filtration on paper wetted with tetrachloroethylene the sky-blue precipitates is 
removed from an entirely colourless filtrate. This does not readily explain, however, 
why a dilute suspension of the crystals should have an additional red shift. The clear 
solution of 75 per cent tetrachloroethylene and 25 per cent dichloroethane has a 
quite normal “non-polar” spectrum. 

Which property of the solvent determines the red shift parameter Q? It is most 
evidently not the availability of hydrogen atoms to form hydrogen bonds with the 
large anion IrBr 6 ®~, as shown by the small value of Q in nitromethane and similar 
large values of Q in chloroform and carbon tetrachloride. This is interesting in view of 
the common belief that salts containing large cations (as our N(C 4 H 9 ) 4 +) and large 
anions are soluble due to a strong stabilization of the anion rather than the cation. It 
is especially remarkable that tert-butanol does not dissolve the salt, while on the other 
hand 1,2-dichloroethane (ethylene chloride) is a very good solvent. It may be com¬ 
pared with nitromethane, often used by Nyholm el al. w 

Figure 2 shows a certain correlation between Q (here measured by the red shift in 
m/i of the 583 m fi band) and the dielectric constant of the solvent. In some cases 
(carbon tetrachloride, benzene), Q has been extrapolated to the pure solvent. A linear 
correlation certainly would not obtain eg. for the reciprocal dielectric constant.* 

The physical significance of Q can be sought along various lines. Some chemical 
physicists' 710 * have suggested the difference between the dispersion forces acting on 
the excited state, as compared to the ground states These effects should be propor¬ 
tional to the molecular polarizability of the solvent. However, this theory, predicting 
a red shift, cannot easily be applied in our case, since the dielectric constants of the 
solvents in general correspond to a blue shift (Fig. 2), as is also the case in the n —* tt* 
transitions in aromatic systems.' 71 The influence of dispersion forces, arising from 
relatively low excited states of the solvent (corresponding to bands m the near ultra¬ 
violet) might be suspected nevertheless to occur as a part of the complete explanation. 
The high values of Q in pyridine (but not in benzene!) and acetone might possibly 


* The referee was so kind to attract my attention to Kosower’s concept of Z-values which receirtly 
has been used for classifying solvent effects on the absorption spectra of organic molecules Our 
data gwe a rough correlation with Z of the solvent; the correlation is not linear, especially if the value 
for chloroform is included, and it is inverted for tetrafluoropropanol. 
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Fig. 2.— Dependence of red shift in m/i of the band in the yellow of IrBr. 8 , relative to 
the position at 583 m/i in aqueous solution, as function of the dielectric constant of the 
solvent (the value given on the horizontal axis). 

suggest this possibility, or some bonding mechanism with double bonds in the solvent, 
including the unusual behaviour of the tetrachloroethylene suspensions. 

However, the present author believes that the main part of the explanation is very 
simple: it is due to the variation of the electronic energy differences as a function of the 
intemuclear distances Ir-Br. In most molecules, the excited electronic states have 
minima of their potential curves at larger intemuclear distances than the equilibrium 
position of the groundstate. Consequently, the band maxima shift to lower wave¬ 
numbers with increasing intemuclear distances (e g. obtaining by heating, involving 
the anharmonic part of the temperature excitation) while the opposite effect is obtained 
by increasing the external pressure. In the more primitive models of M + X~ changed 
to M°X°, where the former state is stabilized by the Madelung energy, this general 
behaviour is also expected for electron transfer bands. However, Stephens and 
Drickamer 1111 found that the ttBt y 6s (5 d. Re) electron transfer bands of K 2 ReBr 6 
shift to lower wavenumber by increasing the pressure, approximately 120 cm -1 pei 
10,000 atm. This is nearly an irrefutable proof that the red shift Q occurs at decreasing 
intemuclear distances. Recently, Balchan and Drickamer 112 ’ have extended these 
measurements to K 2 OsC1 6 , K 2 OsBr„ Na 8 IrCl 9 , K 2 IrBr„, usually up to 100,000 atm. 
and found invariably a red shift at high pressure. 

We have also studied effects of the crystalline state on such ions as IrCl # * ,n 
some cases, quite remarkable deviations from the principle of additivity of ionic 
colours occur, such as the dark-green thallium(l) and blue silver(I) salts.* 13 ’ These 
particular effect* are probably caused by electron transfer to IrCl^ 2- from the 6s- and 

,,u D. R. Stephens and H. G Drickamer, J. Chem. Phys. 30, 1518 (1959). 

<“> A. S. Balchan and H. G. Drickamer, J. Chem. Phys. 35, 356 (1961). 

0,1 C. K. Jorgensen, Molecular Phys. 4, 235 (1961). 
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^-orbitals respectively. In the case of alkali metal salts, the spectral shifts are much 
less dramatic and are comparable to the effects of high pressure and of organic sol- 
vents ' I? US ; ^ an additional red shift in the relatively more confessed 

lattices of Rb s IrCl« and Cs 2 lrCl e (being dark-red rather than brown), while the 
reflexion spectrum of [As(CgH 5 ) 4 ] 2 lrCl 0 is closely comparable to the absorption 
spectrum of the solution m dichloroethane. Actually, the wavenumbers of the vib¬ 
rational structure of the band in the visible of [As(C 6 H 5 ) 4 ]Mn0 4 in dichloroethane are 
not distinguishable from the aqueous solution of Mn0 4 ~. 


Table 2 -Wavelengths in m M of IrC),^ absorption and 
reflexion spectra 


Transition 


I II III 


IrCl«* aqueous solution 1 " 
[As(C.H.)J,IrCI, 

,lrCl, in dichloroethane 
Cs B IrCI, on filter paper 
Rb.IrCI, alone 
Rb.trCI, + AUO, 

Na,IrCl, crystals 10 


590 

487 

434, 410 

588 

499 (460) 

440 

586 

497 (475) 

440 

(595) 

515 

432 

580 

510 

425 

580 

518 

~435 

— 

~515 

424 


However, the study of reflexion spectra docs not necessarily estimate the position 
of the absorption maxima reliably when the molar extinction coefficients e are very 
high. In the latter case, the imaginary part of the refractive index, considered as com¬ 
plex number, is no longer negligible. The variation of the refractive index as a function 
of the wavelength is very strong close to the strong absorption band and has a dis¬ 
continuous singularity near the maximum As Jahoda (W1 pointed out, the resulting 
reflexion spectrum is shifted and distorted compared to the absorption spectrum. 
Well-known examples are the green reflected light from dried red ink or KMn0 4 , and 
the phenomenon may occur even in liquids, such as Br 2 . A possible remedy is to 
measure the reflexion spectrum of the coloured substance, finely powdered and inti¬ 
mately mixed with a larger quantity of a colourless material. 1151 ®* Actually, some of 
the data in Table 2 are for such mixtures as A1 2 0 3 -f- Rb 2 lrCl 6 . However, even here it 
may be difficult to avoid Christiansen filter effects, where the refractive index of the 
coloured substance passes by that of the colourless material 

Next, we shall attempt to compare the relative values of the red shift for various 
absorption bands of lrBr 8 2 ~ as given in the last line of Table 1 The wavenumber shift 
(AA)/A 2 of the lowest transition (at 860 m/x in aqueous solution and at 895 mfx in the 
solid, see Fig. 1) corresponds to the value 2-0. Following Reference (3) we call this 
transition I, while the following transitions have the wavenumber shifts from Table 1. 
Ha (I 04), lib (1-53), lie (1-75), III (2-94), IVa (1 96) and IVb (4-98). 

From the groundstate it u y St s (the intermediate coupling component r 7 of 2 r s ) of 
lrBr 0 2 ~, eight transitions to the configurations are possible. 131 Of these, four 

are Laporte-forbidden (to F 8 , r 7 , and two P 8 , all of even parity), one Laporte-allowed 
but symmetry-forbidden (to odd r„) and three have electric dipole moments (to odd 
17 and the two odd F a ). 


Ml f 


C Jahoda, Phys. Rev. 107, 1261 (1957) 

R Griffiths, K. A. K. Lott and M. C R. Symons, Analyi Chem 31, 1338 (1959) 
K6nio and H. L. Schlafer, Z. Phys Chem 26, 371 (1960) 


1392 


Out. K, Jorgensen 


There is very little doubt that the lowest transition I has even r 8 from ny 4 
5 dy lt as excited level. The size 2-0 of the relative wavenumber shift is easily explained 
by the increased halogen-halogen antibonding character of the orbitals when the 
internudear distances decrease. The six other bonds in the visible have the other seven 
energy levels to divide between them. 

The crucial point is the position of the two odd r 8 . If it is true that they are re¬ 
presented by III and IVb (rather than IVa, being rather weak, as also the analogous 
band of OsBr 8 *- at 423 mp, and hence possibly the odd r e ), then the rest of the iden¬ 
tification becomes much more certain: the odd T, is lie, while Ila and lib must be 
Laporte-forbidden, and at least one corresponds to rr/ So , the rr-bonding component 
correspondng to the 77 -antibonding partly filled shell. Woodward and Creighton' 1 ” 
recently showed that even the stretching frequencies of complexes such as PtBr 6 2 
and SnBr a *~ hardly are above 210 cm -1 and therefore vibrational structure cannot be 
expected to produce spurious maxima at the distances ~ 1,000 cm -1 between adjacent 
levels found here, if not by a very subtle form of dynamic Jahn-Teller effect. 

The relative distances between the energy levels of odd parity, taking into account 
a + it intermixing, can be estimated from Fig. 8 in Reference (3) the variable being 
the ratio between the Lande parameter of bromine, [ tp , and the energy difference 
between the M.O. sets 1 ry 6u and -rry iu - The degeneracy between the original twelve 
7 r-orbitals presumably becomes more and more lifted the smaller the internuclear 
distances. Balchan and Drickamer ' 121 thus point out that the III bands have a 
smaller red shift at high pressure than the I and II bands. However, we find a larger 
Q of III than of II. 

It is less evident what will happen to £ 4p of bromine at small internuclear distances 
A somewhat indirect argument may maintain that, since the nephelauxetic effect is 
more pronounced at high pressure , 1181 the effective charges are less positive on the 
metal atom and less negative on the halogen atom, and therefore by larger How¬ 
ever, this tendency might be counteracted by an increasing delocalization of the bond¬ 
ing w-orbitals, drawing electronic density away from the high field-gradients near to the 
bromine nucleus (but bringing it closer to the even stronger field-gradients of the 
iridium nucleus). We may, as a provisional guess, assume that ZtJiEz - E i) actually 
decreases when the internuclear distances are decreased. 

We realize that a general shift must be superposed on the diagram (Fig. 8 , Refer¬ 
ence 3). Actually, the (n -j- cr)y 4u -► Sdy^ transitions of KgPdCl#, K a PtBr 6 and K 2 rHI fl 
show a red shift at high pressure ' 121 though A, the energy difference between 5 dy 3 and 
5dy^ was expected to increase strongly .' 181 An increased value of (£ s — £ 4 ) com¬ 
bined with a constant value of £ 4p would make this red shift decrease in the order 

r 7u > or 8u 5 s> £F gu >■ aF 8u 

nearly independently of small shifts of the position Ea of the odd ay x orbital (1 e 
variations of (£ 4 — Ea) of the same size, or the opposite sign but the same order of 
magnitude as the variation of (£5 — £*)). Equation (1) seems to be rather in contra¬ 
diction with the observed order of red shifts 

lie < III > IVa < I \b 

1171 L. A. Woodward and J , A. Creighton, Spectrochim. Acta 17, 394 (1961). 

<UI D. R. Stephens and H. G. Diuckamer, /. Chem Phys. 35,429 (1961). 
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If the non-diagonal element V2£ 4p /2 between the a- and ^-orbitals with to = 1 
increased dramatically, strong red shifts of a T tu , and to a somewhat smaller extent, of 
/,r 8u , could be explained. Another, more plausible idea is that the non-diagonal 
dement of the effective core-field one-electron operator between a and n orbitals of 
symmetry type y iu is much larger at lower internuclear distancs, decreasing both r 8 „ 
in agreement with Equation (2). Hence, the present author is not inclined, at the 
moment, to attempt a more elaborate explanation without further experimental or 
theoretical evidence.* 


Table 3 Red shift of OsBr, 1 (wavelengths in m/i) 


Transition 

Aqueous solution 

Dichloroethane 

(A A)/** 

Ha 

(528) 

(530) 

07 

lib 

(506) 

(512) 

23 

II c 

489 5 

498 

36 

HI 

445 

455 

51 

IV a 

423 

423 

00 

IV b 

399 

(408) 

5-6 


Table 3 gives the solvent effect on [N(C 4 H 9 ) 4 ] 2 OsBr 6 dissolved in dichloroethane. 
The wavenumber shifts (in cm -1 ) are somewhat smaller than of IrBr g s_ , but it is in¬ 
teresting to observe that the relative size of the shift of the six transitions has exactly 
the same order as in the iridium(lV)hexabromide. This supports strongly the idea ,3) 
that the excited states have the same origin in OsBr/ and IrBr„*-, the central ion 
state being approximately F 7 (y 5ll 5 ) and respectively. On the other hand, Dr. 

C S. Naiman, M.I.T., was so kind as to inform me that detailed calculations 119 ’ 
explained the entirely different structure of configurations found as the excited 
levels of e.g. ReBr g a ~. 

Recently, two studies have been made of the chloride exchange 1201 of IrCI g 2 ~ and 
PtCl g a ~ and of the bromide exchange 1211 of ReBr 6 2 ~, OsBr 6 2 ~, IrBr 6 2 ~ and PtBr s 2 “, 
with use of radioactive indicators, and spectroscopic measurements have been per¬ 
formed of these systems in acidic aqueous solution, showing essential agreement with 
Reference (3) These results show that the hexachlorides and hexabromides are quite 
robust at room temperature, and that it is very improbable that any of the solvent 
effects discussed here have something to do with a change of the first co-ordination 
sphere. 

Table 4 gives finally the solvent effect on [N(C 4 H 9 ) 4 ] 2 _OsI 6 (which is quite difficult 
to separate from polyiodides such as [N(C 4 H 9 ) 4 ]1 3 ) The results are closely similar to 
those in Tabic 3. The chemistry of osmium(lV)iodides is exceedingly more compli¬ 
cated than that of OsBr 6 2 ~. It is suspected that the green hydrolysed species reported 
by Fenn et al. m) might be I 5 OsOOsI 5 4 in analogy to the ruthemum(IV)oxo-dimers 
and that the new species found by these authors may be a mixture of OsICl 5 2 and 
0$Cl/\ ]t is remarkable how rare arc the well-identified cases of mixed halogen 


* An alternative possibility would be a strong participation of 6 p of the indium atom in the odd 
r, orbital, inducing splitting of and ol\ u via £ fP 

S Naiman. Private communication (September 1961) . 

■ Blasius, W. Preetz and R Schmitt, J lnor? Nucl Chem 19, 115 (lVbrt. 

G Schmidt and W. Herr, Z. Naturforsch 16 . 4 , 748 (1961) 

f Tenn, R. S. Nyholm, P. G Oswton and A Turco, J Inorg Nucl Chem 17, 387 (1961). 
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Table 4. —Red shot of OsI,’~ (wavelengths in mp ) 


Transition 

Aqueous solution 

Dichloroethane 

(A2)/2» 

la 

(860) 

870 

1 3 

lb 

808 

826 

2-7 

11 a 

(688) 

(698) 

2-1 

11 b 

653 

673 

47 

Ilia 

550 

568 

5-9 

mb 

537 

553 

5-5 

v — Vs I 

373 

(387) 

10 

it — y % II 

333 

363 

— 


complexes, with the exception of the type trans-PtBr 2 Cl/~ synthetised by addition of 
free halogen to platinum(II)tetrahalides. 

Experimental 

The absorption spectra were measured in 1 cm cells on a Cary-11 recording spectrophotometer, 
except above 800 mp where a Beckmann-DU was used. The reflexion spectra were measured with 
the latter instrument. 

[N(n-C,H,)JjIrBr, was prepared by boiling 1 22 g Na,IrCl,, 12 H s O (H. Dnjfhout and Zoon, 
Amsterdam) with 20 ml AnalaR hydrobromic acid until only some 5 ml were left This treatment was 
repeated after addition of 20 ml further HBr. To the cooled brown solution (containing IrBr," - , etc ) 
were added 50 ml water and 4 ml saturated bromine water (an excess is to be avoided, since poly¬ 
bromides are next precipitated). Two gramme of tetra-(n-butyl)-ammonmm bromide (Fluka) were 
dissolved in 10mlH,O and added to the dark-blue solution The sky-blue precipitate was kept 
overnight and filtered, and recrystallized from hot methanol Yield: 1-1 g (60 per cent). (Found 
C, 3315; H, 6-13; N, 2 45, Br, 41-35; Calc C, 3319; H, 6 22, N, 2 42, Br, 41-42%) 

[N(n-C,H,) J.OsBr, was made from 10 g OsO* (H Dnjfhout and Zoon, Amsterdam), boiled with 
60 ml AnalaR hydrobromic acid until nearly all Br* formed was driven off The resulting solution of 
H,OsBr. was added to 32 g N(n-C 4 H,),Br (Fluka) in 100 ml ethanol and the red precipitate filtered 
and recrystallized from hot ethanol 

(N(n-C 1 H,)J,OsI. has not been prepared quantitatively in the same way When OsO, is treated 
with hydroiodic acid, a copious violet-black precipitate is formed, which, according to Rosenheim and 
SAnERA-rH,'**’ simply is anhydrous OsI 4 . If sodium iodide is present in great excess, a dark-coloured 
solution can be filtered off, the free I, reduced with ascorbic acid, and N(n-C,H,),I (Fluka) then pre¬ 
cipitate dark purple crystals However, they hydrolyse readily and even in dichloroethane the solution 
turns dark-green after some hours This reaction can nearly be reversed by addition of tetra-(n-butyl)- 
ammonium iodide dissolved in dichloroethane 


A. Rosenheim and E Sasserath, Z Anorg, Chem 21, 122 (1899). 
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MIXED COMPLEXES OF COPPER(II) WITH 0-AZOPHENOL 
AND ETHANOLAMINE OR ETHYLENEDIAMINE* 

E. J. Gonzales and H. B. Jonassen 

Department of Chemistry, Tulane University, New Orleans 18, La 

(Received 2 January 1962, in revised form JO April 1962) 

Abstract The copper(LI) ion is known to form all complex with o-o'dihydroxy azobenzene 
(abbrev. dye) This complex reacts with ethylenedtamine (abbrev en) or ethanolamine (abbrev. em) 
to form all complex [Cu-dye-en] or [Cu-dye-em] respectively where the copper(ll) ton seemingly 
has a co-ordination number of five. The solid [Cu-dye-em] complex on the other hand is a dimer 
with a magnetic moment of 1-3 B.M Hydrogen bonding seems to contribute to dimer stabilization. 


ORTHO-azophenol , a dye containing hydroxy groups ortho to the azo group, readily 
forms a co-ordinatively unsaturated dye complex with transition metal tons. 

Previous studies with the Cu(H)-o-azophenol complex indicate that the co-ordina¬ 
tion number of the Cu(ll) ion is unsaturated and can expand to fill its fourth, fifth 
and possibly even a sixth co-ordination position by using such compounds as pyridine, 
quinoline” 1 and 8-hydroxyqutnoline <*> 

A recent investigation* 31 of the same metallated dye complex with propylene glycol 
in basic media also indicates this unsaturation of the Cu(ll) co-ordination sphere and 
formation of a complex having a total ligand co-ordination of five 

In the present study ethylenediamine and ethanolamine have been used to demon¬ 
strate this unsaturation. Ethylenediamine almost invariably acts as a bidentate 
chelating ligand, <4> whereas ethanolamine, possessing one amino and one hydroxy 
group, may act as a bidentate complexing agent * r ’' 

If each of these amines reacts as a bidentate ligand, the resulting copper complex 
with the tridentate dye, o-azophenol, should exhibit a total ligand co-ordination of 
five 

EXPERIMENTAL 

A Reagents 

Ortho-azophenol (dye) was prepared according to the method of Willstatter and Benz 161 The 
melting point determined was 172-173'" Literature value is 172 

Ethylenediamine (en) was purchased from Union Carbide and Carbon Chemicals, New York 
It was purified by distilling at atmospheric pressure over solid NaOH The anhydrous fraction 
boiling at 116 5-117 3 n was used 

Ethanolamine (em), high purity white label (99 plus per cent), obtained from Eastman, Rochester, 
New York was used without further purification 


* Abstracted in part from a dissertation submitted by Eiwood Gonzales to the Tulane University 
in partial fulfillment of the requirements for the degree of Doctor of Philosophy, 1958 Author is 
presently with the Southern Utilization Research and Development Division, Agricultural Research 
Service, U S Department of Agriculture, New Orleans, La 
111 H D K. Drew and J. K. Landquist, J Client Soc 292 (1938) 

121 H B. Jonassen and J Oliver,/ Amer Chem Soc 80,2347 (1958) 

H B. Jonassen and E J Gonzales,/ Amer Chem Soc 79,4282(1957) 

111 A Martell and M. Calvin, Chemistry of the Metal Chelate Compounds , p. 

New York (1952). _, 

IM W Hieber and E. Levy, 2 Anorg Chem 219,225 (1934) 

1,1 R 'Willstatter and M. Benz, Ber. Dtsch Chem Ges. 39, 3492 (1906) 
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Ethanolamine hydrochloride was prepared by dissolving a weighed quantity in chloroform and 
passing dry HC1 into the solution until the hydrochloride was completely precipitated. The produ i 
was filtered, washed successively with chloroform and ether, and dried over CaCl, in a vacuun 
desiccator. The white waxy crystals were very hygroscopic. “ ' Jl1 

Cu(ll)-o-azophenol monohydrate was prepared by dissolving 1:1 molar stoichiometric quantities 
of 95 per cent ethanolic o-azophenol and aqueous cupric perchlorate hexahydrate. The redbrown 
precipitate was filtered, and the filtrate diluted with water to remove the remaining dye complex Tht 
complex was washed thrice with water and dried two hours at 110° giving a JO per cent yield. 

Duplicate ash determinations indicated the complex to have a metal: dye :H f O ratio of 1 l i 
(Found: Ash, 26-87 (as CuO). Calc for Cu(II)-dye-H,0: Ash, 27 08% (as CuO)). 

All inorganic chemicals used were “Baker’s Analysed” C.P. grade. 

Alcoholic molar solutions of copper(II)-o-azophenol monohydrate and o-azophenol were made 
by accurately weighing the appropriate quantities for a litre of oxygen-free 95 per cent ethanol 
solution and diluting to volume. 

Oxygen-free 95 per cent ethanolic molar solutions of potassium and sodium o-azophenolates 
were prepared by dissolving the accurately weighed amount of dye and measured quantity of the 
respective base in ethanol and diluting to volume. 

Because of the hygroscopic nature of ethanolamine hydrochloride, the salt was roughly weighed 
and diluted to volume with distilled water. It was standardized potentiometncally with NaOH All 
solutions were prepared m solutions using solvents free from oxygen and CO,. 

B. Spectrophotometric studies 

For visible spectra studies Beckman Models B, DU and DK spectrophotometers using 1 cm 
matched Pyrex absorption cells were employed. All solutions for visible spectra were diluted with 
oxygen-free 95 per cent ethanol This was prepared by passing nitrogen, deoxygenated by a chromous 
chloride-zinc amalgam column, into ethanol for at least 1 hr 

Infra-red spectra were run on a Beckman IR 4 double beam automatic recording spectrophoto¬ 
meter using NaCI optics and the KBr disk technique. 

C Conductometric studies 

A Heath oscilloscope and a signal generator were used as a null point indicator in connection 
with a Leeds and Northrup slidewire potentiometer and decade resistance box. The conductance cell 
used was a vertical dipping type with platinized platinum electrodes All conductometric work was 
carried out at 25-27°, under nitrogen in a constant temperature bath 

D pH measurements 

A Beckman Model G pH meter was used in conjunction with a Beckman glass indicator electrode 
and saturated KCl-calomel reference electrode. 

E. Magnetic studies 

Magnetic susceptibility measurements were made with a Gouy balance The apparatus was 
constructed by E A Boudreaux and consisted of a Christian Becker analytical balance equipped 
with an optical system for direct scale reading The balance was converted so that a sensitivity at 
0.02 mg could be maintained A permanent magnetron magnet having a constant field of 4' 1 % G 
was employed 

F. Preparation of complexes 

(1) [Cu-dye-en]. 2 41 g (0 01 mole) Cu(NO,), ■ 3H,0 dissolved in 15 ml of distilled water was 
added to 1 56 g en resulting in a deep purple solution. Two hundred and fifty ml of 95 per cent 
ethanol was then added followed by 2 14 g (0 01 mole) of dye giving a deep orange-red solution to 
which water was added until precipitation was complete The product was filtered through a Buchner, 
washed with 11 of water and dried at 100° for 1 hr. A rust-coloured product, 1-02 g, was obtained 
About 0 3 g was dissolved in 25 ml 95 per cent ethanol and 5 ml en was introduced A routing 
vacuum evaporator was then used for 24 hr to evaporate excess en and alcohol. Water was then 
added to effect precipitation and the precipitate was filtered and washed. The brick red solid was 
then placed in a vacuum desiccator over CaCl, for 24 hr. (Found: C, 49 80; H. 5-17; N, 16 78, 
ash, 21-47 (as CuO* Calc, for [Cu-dye-en]: C, 50 04; H, 4-80; N, 16 68; ash, 23-69% (as CuO)) 

(2) [Cu-dye-em], Approximately 2 14 g (0-01 mole) of dye was dissolved in the smallest possible 
volume of 95 per cent ethanol and a solution containing 0-01 mole of Cu(NO,), in 10 ml water was 
added. One hundred ml more water was then introduced to aid precipitation of the Cull I' dye 
complex. The precipitate was then filtered through a coarse glass filter crucible, washed with loo mi 
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water, aid dried I hr at i 10°. Pure em (about 1 mole) added to the dried comnlex in a 2SQ ml beaker 

changed the colour of the solution from brown to red After t on \P Wx i“ ft250 . nsI bcak * r 

altered, washed with cold water (about 15°), dried at 1 10° for 2 hr fid ptwdenS O^of^d^ 
brown complcx was obtained. (Found: C, 49-86; H, 4 36; N 12'3) a^h 22 70 taTrvfof 
for tCu-dye-em],-. C, 49.85; H, 4-50; N, 1247; ash, 23 ei % (as CuO^ 1 

G Molecular weight determination 

The rn^lar weights of the Cu-dy^en and [Cu^ye^m] complexes were determined by the 
Hast method. The [Cu-dye-em] was found to be dimeric (Found 354 Calc for ICu-dve-enl- 
335 87. Found: 654. Calc, for (Cu-dye-em). 336 85). ICu-dye-enJ. 


DISCUSSION OF RESULTS 
I. The Copper(Il)-dye-ethylenediamine Complex 
A. Solution studies 

(1) Spectral studies. The spectral shifts observed when various equivalents of en 
are added to an alcoholic solution of the Cu-dye complex, the concentration of which 
is kept constant are shown in Fig. 1. Two isosbestic points are shown at 404 and 515 
mp indicative of the formation of a new complex. 



400 450 500 550 600 


Wovfllength, m/4 

Flo 1 —Effect of ethylenediamme on Cu-dye at 25"C 

(a) Curve 1 Cu-dye complex 

(b) Curve II Cu-dye 4- one equivalent of en 

(c) Curve HI Cu-dye *■ two equivalents of en 


Since no further shifts in the absorption characteristics occur after one equivalent 
of en has been added a coloured complex Cu-dye-en seems to be formed. The absorp¬ 
tion maximum shifts from 500 to 510 rap . 

Similar spectra and isosbestic points were obtained when solutions containing the 
[Cu(en)]*+ or [Cu(en) 2 p ions were titrated with either the dye or its sodium salt. 

The results of a series of spectrophotometric titrations of [Cu(en))® + or [Cu(en) 2 ] 2+ 
ions with either dye or its sodium salt show the same spectral characteristics. This 
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seems to give additional evidence for the existence of a five co-ordinated [Cu-dye-eni 
i complex. 

(2) Conductometric studies . This system was also studied by conductometric 
methods varying the conditions of addition of reagents. In all cases the same spectral 
changes were observed to occur. All titrations indicated the existence of the stable 
[Cu-dye-en] complex. 

(3) Continuous variation studies. Continuous variation studies show breaks or 
maxima respectively at 1:1 mole ratios. In the reaction of [Cu(en) 2 ] s + with the dye 
anion to give [Cu-dye-en] the maximum is shifted slightly when the sodium salt of the 
dye is used whereas when the free dye is the source of the anion a slight hump precedes 
the 1:1 maximum. The 1:1 ratio maximum is similarly shifted in the continuous 
variation of Cu-dye and en. In all instances, the irregularity occurs in the range where 
the free dye, Na 2 dye or en are in excess. Since the p K of [Cu-dye-H 2 0] is 19-8 at 
30 o<7 > and the p K of [Cu(en 2 )] 2+ is about twenty, 18 * slow interconversion may be respon¬ 
sible for the shift. 

B. Studies of solid [Cu-dye-en] complex 

The infra-red absorption characteristics of this complex reveal several important 
facts. 

The broad band (3500-2500 cm -1 ) in the spectrum of the dye indicates strong 
intramolecular hydrogen bonding between the OH groups of the molecule. The Cu-dye 
complex spectrum shows a nearly complete disappearance of this band and the appear¬ 
ance of a new strong band between 650 and 675 cm 1 which has been assigned to 
metal-ligand vibrations. 18 * 

The NH 2 stretching frequency which is observed in the amine at 3550 and 3420 cm 1 
has been shifted in the [Cu-dye-en] complex to 3320 cm -1 . Shifts are also observed 
m the NH 2 bending region around 800 cm' 1 , but the broadness of the band does not 
allow assignments of these shifts. 

Molecular weight determinations of the complex indicate that the complex is a 
monomer with a magnetic moment of 1-92 B.M. 

II. The Copperf iy-dye-ethanoIamme Complex 

A. Solution studies 

When an alcoholic solution of the Cu-dye complex, the concentration of winch 
was kept constant, was allowed to react with an aqueous solution of ethanolanune 
(abbrev. em) no isosbestic point was observed even when an eighty-fold excess of cm 
was added. This would be expected in a much weaker ligand than en. 

However, when an excess of pure em was added or when the spectra were observed 
in pure em the absorption characteristics changed. Again isosbestic points at 404 and 
515 mp were observed. 

Conductometric titrations of an equivalent mixture of Cu-dye and em • HC1 with 
NaOH gave slopes different from either the titration of Cu-dye with OH' ions or that 
of em • HC1 with OH~ ion, indicative of the interaction of the Cu-dye complex 

P. E. Slade, Thesis, Tulane University, New Orleans (1953). 

A. Martell and M. Calvin, Chemistry of the Metal Chelate Compounds, p. 519. Prentice-Hall, 

New York (1952) 

Ueno and A. Martell, J. Phys. Chem. 60, 1273 (1956). 
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present in alcohol with the free em. Similarly, potentiometric titration of the [Cu-dye 
_em] complex dissolved in ethanol gave a break at one equivalent of HNO a . The 
slope again was different than that obtained when either em was titrated with HNO s 
or when the Cu-dye complex was similarly titrated, again indicative of the existence 
of a [Cu-dye-em] complex, 

A95 percent alcoholic solution containing the dissolved Cu-dye-em complexto which 
an additional equivalent of em has been added was titrated with HNO s . The first break 
occurred when the free equivalent of em has been neutralized since its slope is the same 
as that observed above for em alone. The second break occurred when the co-ordinated 
cm was neutralized. Further addition destroyed the Cu-dye complex. 

B. Studies on solid [Cu-dye-em] 2 

Molecular weight determination of this complex indicates that the complex is a 
dimer with an unusual moment of 1 -32 B.M. indicating the possibility of a 5 bond' 101 
in the dimer possibly stabilized by hydrogen bonding. 

The infra-red spectrum of the complex shows a metal-ligand vibrational band at 
650-675 cm~Y 9) and a broad band around 800 cm 1 which seems to be the NH 4 
bending region. A broad band from around 3350 to 2400 cm -1 with a sharp shoulder 
at about 3300 cm" 1 is indicative of intramolecular hydrogen bonding as well as 
chelation. 1111 

The shoulder at 3300 cm -1 can be assigned to the NH 2 stretch shifted because of 
complexmg. 

The magnetic properties of these complexes will be discussed in a Future paper. 
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Abstract— Stability constants have been determined by the Bjerrum method for the complexes of the 
a-mercaptoacetate ion with yttrium (III) and several trivalent lanthanide ions The investigation 
indicates that the a-mercaptoacetate ion acts as a monodentate ligand 


Solutions of hydroxy carboxylic aicds have been used to separate the trivalent ions 
of the lanthanide and actinide elements by ion exchange techniques.' 18 - 3 ' With 
solutions of glycolate, lactate and a-hydroxyisobutyrate ions it was found that the 
efficiency of separation of the metal ions increases in the order- isobutyrate > lactate 
■ glycolate. In order to explain this trend Choppin and Chopoorian' 4 ' determined 
the stepwise formation constants of the complexes involved m these systems. These 
authors found that the order of stability, isobutyrate > lactate > glycolate, holds for 
each of the complex formation steps, and concluded that the inductive effect arising 
from methyl group substitution in the x-position is more important than the steric 
effect caused by the same substitution. In agreement with this interpretation, the 
stability of the complexes increased with the increase in the atomic number of the 
metal ions. In all but a few titrations, the experimental value of n exceeded three, thus 
indicating the formation of a fourth complex species, ML 4 ’. The existence of this 
species has been proved independently by other investigations.' 5,6 ' 

Sonesson' 6 - 7 ' has reported values for the stability constants of the acetate and 
glycolate complexes of a number of the lanthanide elements, He found that the 
stability constants for the glycolate complexes were about five times larger than the 
corresponding constants for the acetate system. Since glycolic is a stronger acid than 
acetic, complexes of gylcolate would be expected to be weaker. The increased sta¬ 
bility of the glycolate ligands was attributed to chelation. 

In the present investigation, the stepwise formation constants of the complexes of 
oc-mercaptoacetic acid with several trivalent lanthanide ions and yttrium (III) have 
been determined, in order to study the effect on the stability of the lanthanide complexes 
of the substitution of the oxygen donor atom by a sulphur atom. 


in 

in 


Hi 

U> 

(5) 
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D c Stewart, Proceedings of the First International Conference on Peaceful Uses of Atomic 
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Determination of stability constants 

The successive formation constants were calculated by the method of Bjerrum as 
previously described by Choppin and Chopoorian for the complexes of the a-hydro'xv 
carboxylic acids.<*> The method involves the relationship between the average mimbei 
of ligands bound to a metal ion in the equilibrium mixture, fl, and the total equilibrium 
concentration of anionic ligand, [L]. The equation which relates fi, [L] and the succes¬ 
sive formation constants is: 

2 «/?»[Ll" 

ft _ W"'! _ 

* — N (I) 

1 + 2 »[L]" 

where 

[ML.] 

P " [M][L] n (2) 

The calculation of h and [L] 

The concentration of the a-mercaptoacetate ion was calculated from hydrogen ion 
measurements, using a glass electrode. 

For a buffer solution of a-mercaptoacetic acid, where the concentration of the 
protolyzed ligand is designated by ^HL and that of the sodium salt of the acid by C' L 
the acid equilibrium constant may be expressed as 




[H ]XCi + [HQ 

QL - [HY 


(3) 


where [H]' is the hydrogen ion concentration of the buffer solution. When lanthanide 
ions are added to the buffer solution the expression becomes 




[H][L] 

Chi -i- C„ - [H] 


(4) 


where is a correction to account for any free acid introduced into the buffer solution 
along with the lanthanide ions, [H] is the hydrogen ion concentration for the solution 
containing metal ions, and [L] is the concentration of anionic ligand. Combining 
Equations (3) and (4) the solution for [L] is 


1L1 = WXQ + [HDCc;,,, + Ch - [HD (5) 

1 J [H](Ch L - [H]') 

The total concentration of anionic ligand in the solution is equal to (C[ -i 
[H] — C H ). The concentration of complexed ligand is the difference between this and 
the free ligand concentration [L]. Therefore, 


A « Cl-MH]-C u -,[L] (6) 

Cr 

where C M is the total metal ion concentration. 

By measuring [H] as the acid buffer is added to a solution containing the metal ion 
and by measuring [H]' as the buffer is added to another solution not containing metal 
ion, the values of h and fL] may be calculated, since C£, C H and Chi are * cn0 " n ' 
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hunhaMe pereftlor ate MfcrfoM These were prepared as described previously «' 

„,3SKS'S «»*» ~2-« A- - ■*«* 

^sraws^wj-^-^ 

[qulpmenl 

The glass and reference electrodes The glass electrode was a Beckman Type “42” A alver- 
stlver chloride reference electrode was used - y ‘ vtr 

The pH meter. The meter was a Beckman model G 

JZSZSEZ'JI “•> p«— - — * «»™ 


Procedure 

The titration procedure involves the titration of a solution containing the metal ion and another 
solution not containing metal ion with acid buffer so that [H] and [H]' can be determined The solu¬ 
tion to be titrated is placed in a jacketed cell, through which is circulated water kept at 25 4 - 0■ 1 *C 
After each addition of n-mercaptoacetic acid buffer the emf is measured on the potentiometer 
connected to the pH meter. r 

The hydrogen ion concentration of the titrate solution can be calculated from the Nemst equation 
using the potential of a pH 7 buffer solution and the potential after each increment of a-mercapto- 
acetate buffer For the solution containing metal ions we have the relationship 


£~E“ 


5915, °g I tSr 


The same expression is used in calculating (he hydrogen ion concentration in the solution not con¬ 
taining metal tons 

r-E' -59 15 log M* 

where 

£' — potential after each increment of buffer in metal solution 

£' - potential after each increment of buffer rn solution not containing metal ions 

E‘ - potential of pH 7 buffer 

1H] =■ hydrogen ion concentration in metal solution after each increment of buffer 

[H]' ~ hydrogen ton concentration m solution without metal ions after each increment of buffer 

1111“ - hydrogen ion concentration of pH 7 buffer 


RESULTS 

Tables 1 (a-b) list some of the experimental data and the calculated values of [L] 
and n/[L]. The values for E' — E are calculated from the e.m f’s measured during the 
titrations. 

The values obtained for the stability constants are listed in Table 2. They were 
calculated from the ft and [LJ values using an iterative least squares treatment of 
Equation (1) on an IBM 709 computer.'* 5 Sets of n and [L] values which differed within 
the determinate error were used to calculate error limits for the stability constants. 
Errors were found to be of the order of i-10 per cent for K r and dr 30 per cent for K 2 . 
Random computational errors gave such large fluctuations in the values of K s that no 
values can be confidently reported for it. In order to check the values obtained in 

'”1 A CuowxmiAN, G R Chopwn.H C.GwmraandR Chandler, 1. lnorg, Nuel. Chem. 21,21 
(1961). 
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this investigation, the successive formation constants of holmium (III) glycolate 
complexes and lanthanium (III) acetate complexes were determined and compared 
with the values obtained by Choppin and Chopoorian for the glycolate system and by 
Sonesson for the acetate system. Both of the earlier investigations used a slightly 


Tabu 1.—Determination of [L] and til L from experimental data 


C°H 

(a) Samarium mercaptoacetatc system 
= 0 17 mM C° L - 999-9 mM 

c\ 

= 28-23 mM 

II 

6 


Volume of titrant (£' — E) 



(ml) 

(mV) 

[L] (mM) 

6/lLKM 1 ) 

010 

20-6 

4-44 

52-73 

020 

18 7 

9 53 

41-96 

0 30 

16-9 

15-21 

35-61 

0 40 

15-6 

21 08 

31 94 

0 50 

14-8 

26 95 

29 71 

0-75 

12-9 

42-43 

25-26 

100 

11-7 

57-73 

22-89 

1-25 

10 8 

73-12 

21-08 

1-50 

9-9 

89-01 

19-26 

200 

88 

118-68 

17-40 

2 50 

79 

147 61 

15 88 

3 50 

6-8 

199-54 

14-43 

400 

6-3 

223 75 

13 84 

500 

52 

269-12 

12-76 

C° H 

b. Gadolinium-—a-mercaptoacetate system 
= 0 19 mM C° i = 999-8 mM 

c\ 

= 24 76 mM 

6 = 1 00 


Volume of titrant (£' — E ) 



(ml) 

(mV) 

[LJ (mM) 

mU. M-‘) 

0 10 

15 3 

5-60 

37 31 

020 

14 4 

5-60 

37 31 

0-30 

13-2 

17-61 

28 88 

0-40 

11-7 

24 64 

26-78 

0-50 

111 

31 18 

23-31 

0 75 

96 

48 32 

19-85 

1 00 

8 7 

65 12 

18-05 

1 25 

80 

81 65 

16 71 

1 50 

7-3 

98 72 

15 19 

1 75 

67 

115 60 

1390 

2 50 

5 5 

162 00 

11 99 

300 

50 

190 31 

11 29 

4-50 

4 1 

264 88 

10 14 

500 

39 

286 89 

9 94 

600 

3-6 

326 62 

9 65 


different potentiometric titration technique. These values are reported in Table 3 and 
the agreement is satisfactory. 

A plot of n/m versus [L] Cor the samarium (III) and gadolinium (III) /J-mercapto- 
acetate systems is shown in Fig. 1. 

fig- 2 shows the first stability constant, K x , of the acetate, glycolate and oc-mercapto- 
acetate systems as a function of atomic number in the lanthanide series. The values 



Complexes of l ant ha n i de elements with mercapto acetate ligands 


Table 2.—Stability constants of the various 


LANTHANIDE AND YTTRIUM COMPLEXES AT 25'0°C 

Ion 

IE, 

K, 

La 

26 

5 

Ce 

27 

5 

Nd 

31 

6 

Sm 

64 

8 

Eu 

56 

6 

Gd 

44 

6 

Tb 

43 

6 

Y 

31 

5 

Ho 

21 

7 

Er 

19 

8 

Yb 

21 

8 


Table 3.—Stability constants of the lanthanium acetate and holmium olyco- 


LATE SYSTEM AT 25 0°C 


Lanthanum acetate system 


K , 



Our value 

28 -1 3 

7 dr 2 

~2 

Sonesson’s value at 20’C 36 

8 3 

32 

Holnuum glycolate system 


A, 

K, 

K, 

Our value 

290 

90 

18 

Chofpin’s values 

308 

109 

24 



Fro. 1 —Plot of )j/[Ll VS [L] for Sm (III) (□) and Gd (III) (O). 
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Fig 2 —Variation of K, as a function of atomic number Scale on the left is for 
acetate (□) and a-mercapto acetate (O); the scale on the right is for glycolate (A) 

for the acetate and glycolate complexes are those reported by Sonesson and by 
Choppin and Chopoorian. 

DISCUSSION 

The greater stability of the glycolate complexes compared to the acetate complexes 
was attributed by Sonesson to a chelation effect. If both of these anions acted as 
monodentate ligands with only the carboxylate group involved m the coordination, 
the glycolate, being the anion of the stronger acid, should form the weaker complexes 
The data in Fig. 2 show that K t for the z-mercaptoacetate complexes is much smaller 
than for the glycolate complexes, and comparable to the acetate complexes of the same 
metal ions. This indicates that m its complexes with tnvalent lanthanide ions the 
a-mercaptoacetate anion is not acting as a chelate ligand. Chelation should result in 
values of K x higher than for the acetate and slightly lower than for the glycolate 
complexes. 

Preliminary studies on the infrared spectra of sodium a-mercaptoacetate and of 
the complex lanthanum (111) tris-a-mercaptoacetate show no shift in the SH stretch'sg 
vibration of the lanthanum salt with respect to that of the sodium salt. Although 
this cannot by itself be considered as conclusive evidence that the mercapto group is 
not involved in coordination with the lanthanum ions, it does support the conclusion 
drawn from the values of the stability constants. 

Acknowledgements —This research has been supported m part by the United States Atomic Energy 
Commission The computer calculations were aided by financial support from the National Science 
Foundation. 
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AN EXPERIMENTAL TEST OF A MORE GENERALIZED 
FORMULATION OF THE METHOD OF 
CONTINUOUS VARIATIONS 
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(Received 5 January 1962; in revised form 21 A fay 1962) 

Abstract—An analysis of the method of continuous variations is presented for systems containing 
mononuclear complexes with a single type of ligand. These equations allow the conditions to be 
determined under which any one of the complexes will reach a maximum concentration for such 
systems which contain several complexes. A comparison with experimental data shows that this 
procedure is especially valuable in the treatment of data in which a distinction must be made between 
several possible complexes AB„, where n is large. The systems examined in detail are the Cu*+-Cl- 
system and the Cu* + -SCN“ system. 

Although the method of continuous variations has been used to study complexation 
equilibria in hundreds of systems, there has previously been no attempt to develop and 
test a generalized theoretical formulation of this method. Earlier studies* 1 * of the 
method have been restricted almost exclusively to cases in which the number of 
complexes which may be present simultaneously is three or less. A general spectro- 
photometric displacement equation has been presented by Yellin and Plane .* 21 This 
was derived for use with Raman spectra where the choice of a Raman line due to only 
one complex is possible. No attempt was made, however, to use it in the quantitative 
interpretation of the data involved Their general equation is also given in terms of 
the total light intensity (or absorbance) and, strictly speaking, is not set up so that it 
would reflect the conditions under which a given complex would reach its maximum 
concentration. 

The problem is really two-fold (1) the determination of the composition of the 
complexes in the system and (2) the determination of the relevant equilibrium con¬ 
stants. It seems reasonable to suppose that if all necessary chemical equilibria are 
considered, the method of relating the point of maximum concentration of the various 
species present to other parameters should yield equations which are as valid theoreti¬ 
cally as those methods which follow the complexation reaction in some other way. 
The resulting method may not be very convenient from an experimental viewpoint,! 
however. The purposes of this paper are to present a generalized formulation for 
ligands which are not protonic acids or bases, to show how this governs the shapes of 
the typical curves obtained experimentally by the method of continuous variations, 

* To whom correspondence concerning this paper should be addressed ... 

t The objections raised by Woldbye'” are based in part upon an incomplete theoretical analysis 
of such a system. These objections illustrate the practical difficulties associated with the use of the 
method very well. 

The literature on most of this earlier work is collected in M M Jones, J Amer Chem. Soc, 81, 

4485(1959). 

1!l W Yellin and R. A. Plane, / Amer Chem Soc 83, 2448 (1961) 

111 f Woldbye, Acta Chim. Stand. 9, 299 (1955) 

1607 



1608 


K. O. Watkins and M. M. Jones 


and to indicate why successive equilibrium constants may not be obtained in practice 
from such data alone. 

The experimental parameter used with this method is the difference, Y, between the 
measured physical property (generally light absorption) of an equilibrium mixture of 
ligand and metal ion in solution and the value this physical property would have if no 
reaction occurred. The basis of the following treatment of this method is the relation 
between the mole ratio of the reactants when a given complex species attains its 
maximum concentration and the values of an experimentally measured property of the 
solution, such a light absorption. When a system contains more than a single complex 
present in an appreciable concentration, the concentration of any given complex will 
reach a maximum at some value of the molar ratio of the reactants that differs from 
that found in the complex. This has previously been established for systems contain¬ 
ing two* 41 or three complexes.* 51 

The evaluation of this displacement from the stoichiometric point may be carried 
out using a procedure analogous to that of Vosburgh and Cooper* 41 . For a system of 
four complexes, the concentration of AB reaches a maximum at 

x 2Co -f 6C, 4" 12C 4 

1 — x = M(\ - x) (l) 


Where x/1 — x is the ratio [B] total J [Aj total and f,> Cj and are the concen¬ 

trations of AB, AB S , AB S and AB 4 respectively. M is the total concentration of A 
plus B, which is constant. Analogous equations can be developed to express the points 
at which the higher complexes reach their maximum concentrations. The conditions 
for the maxima in the concentrations of AB 2 , AB 3 and AB 4 are (dCJdx) — 0, 
( dCJdx ) — 0 and ( dCJdx ) = 0 respectively. It is found that the concentration of 
AB 2 reaches a maximum at an x value given by 


* C - 3C 3 - 8C 4 , 

1 — x M(1 — x) 


( 2 ) 


the concentration of AB 3 reaches a maximum when x has the value 


x _ _ 2 Cj -j- 2C 2 — 4C 4 

1 - x + M( 1 - x) 


While AB 4 attains its maximum concentration when 

x 3C, + 4C 2 + 3C g 

1 - x + M( 1 - x) 


(4) 


A similar set of equations can be developed for a system containing five or six 
complexes and presumably for systems containing more than six complexes A 
general equation for the displacement of the maximum concentration of a complex 
AB, from the stoicheiometric point because Of the presence of higher or lower com¬ 
plexes can be written as 


= i + 


1 


m -*) i=x 


)-N 

1 0 


"•W. C. Vosburgh and G. R. Cooper, J. Amer. Chem. Soc. 63, 437 (1941). 
L, I. Katzin and E. Gebert, J. Amer. Chem. Soc. 72, 5435 (1950). 


( 5 ) 
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Here the complexes present in the system are AB, AB, . AH M u 

•nclanty, Qts the concentration of AB, and x is the value of the mole fraction of B 
at which AB, reaches its maximum concentration. 

The effect of the presence of the other complexes on the shift of the maximum 
concentration from the stoicheiometnc point can be most readily seen from the general 
equation. For the case where but a single complex is present (i.e. C, c for all /), 
the maximum occurs at the stoicheiometnc point giving the formal composition ratio 
\or that complex. When this is not the case, it is found that every higher complex 
present decreases the reagent ratio at which the lower complex reaches its maximum 
concentration while every lower complex increases the reagent ratio at which a higher 
complex reaches its maximum concentration. The amount by which the reagent 
ratio of a complex is increased or decreased depends upon the stoicheiometry and 
concentration (and hence by implication the formation constants) of the other com¬ 
plexes in the particular system being studied. 

A necessary condition for the successful use of the method of continuous variations 
is that an extremum occur in some function of a physical property of the system at the 
same value of x at which the maximum occurs in the concentration of the complex 
being studied. The most suitable physical property is the absorption of mono¬ 
chromatic light and this is the one which will be used for purposes of illustration and 
for testing the equations derived above. 

Let £„, e w , £,, £ 2 , £ a and £ 4 be the extinction coefficients of A, B, AB, AB a , AB 3 and 
AB 4 at a given wavelength and let L be the length of the light path through the solution. 
Then the absorbance, A, of the solution containing four complexes will be 

A — L(e 0 C 0 4' £wCw 4- ryCj 4- 4* £ 3^3 4- e 4 C 4 ) ( 6 ) 

The absorbance predicted on the basis of no reaction would be 

A p - L[e n M(\ - x) 4- e v Mx] ( 7 ) 

If the extinction coefficient of B is assumed to be zero, as is usually the case, the 
absorbance of the solution containing the complexes is 


A — Z,[£ fl C 0 f 4- + < 3^3 4- f 4 C 4 ] 


( 8 ) 


while the absorbance predicted for no reaction is 

A p - L[e 0 A/( 1 - x)] (9) 

The difference function, Y, is the difference between the measured and the predicted 
values of the absorbance, m this case' 

Y L(£ 0 Q 4 - £tQ 4 f a C 2 + t 3 C 3 + f 4 C 4 - e n M{ 1 - -v)] (10) 

This is identified with the Y function defined by 

Y— ^inoasured 0^) 

though this identification is valid only if the measured absorbance is defined exa.tly by 
an equation such as ( 8 ), 

It is now necessary to examine the Y function to determine whether an extremum 
m >’ occurs simultaneously with a maximum in the concentration of the complex, i.e. 




K. O. Watkins and M. M. Jones 


1610 


whether (dCJdx) = 0 is a necessary and sufficient condition that ( dY/dx ) == q an(i 
- (tPY/dx 3 ) = 0. Differentiation of Y (Equation 10) with respect to x gives 

ffl ■-‘ MS) ■* ffi) ■*»ffi)♦ * (f) ■• - (§)*»]... 

From Equation (11) one obtains ( dCjdx ) as 

©-—©-©■-(f)-© .» 

Using this, (dY/dx) may be written as 

+ <* - *■> (!£)+ ie * - •*> O] <> 4 > 


In general, the maximum or minimum values of Y will not coincide with maxima in 
Cl, c t , c 8 or C 4 , since (dY/dx) may be zero when none of the terms (dC\jdx), 
(dCJdx), (dCJdx) or (dCJdx) are zero. The value of Jr at which (dY/dx) is zero may 
be expected to vary with the species present and therefore with the wavelength of the 
light used. 

By choosing the wavelength carefully, it may be possible to have the maximum m 
Y correspond to the maximum in the concentration of a given complex. For example, 
if a maximum in the concentration of the AB complex is considered, it might be 
possible to choose the wavelength so that 8 ] - £ 0 0 while c 2 — e 0 , r a — e n , and 

c 4 = £q. This would mean that (dY/dx) — 0 when (dCJdx) = 0 and (d 2 Y/dx 2 ) y- 0 
Such a situation will arise if only the complex AB absorbs at the wavelength used As 
can be seen, a similar restriction holds if Y extrema are to be related to maxima m the 
concentrations of the other complexes. For systems with five or six complexes, 
analogous restrictions must be met if extrema in Y are to coincide with maxima in the 
concentrations of the various complexes present. The general equation for (dY/dx), 
assuming that the extinction coefficient for B is zero is 

(dY/dx) = L 2 (e, - r 0 ) J5) 


As can be seen, the conditions for simultaneous maxima in Y and one of the C's 
require conditions on the e,’s of the same sort as those mentioned for the case with 
four complexes. 

EXPERIMENTAL 

In order to test the equations developed here, a study of the displacements in the Cu s SCN 
system and the Cu ,v -CI~ system was carried out. Stock solutions of cupric perchlorate, perchloric 
aidd, hydrochloric acid, and sodium thiocyanate were prepared and standardized by analysis 1 *' 
The solutions used in this work were prepared and kept in glass stoppered flasks in an air-condmoned 
room kept at approximately 25°. The solutions were allowed to equilibrate before the spcctro- 
photometric measurements were made. The absorption spectra were obtained using a Cary Model 14 
recording spectrophotometer. 

- The cupnc-thiocyanate systems studied were of total molarity 0-01,0-02,0-03, 005 (all kepi ai an 

<‘VW. J, Blaedel and V. W. Meloche, Elementary Quantitative Analysis, Row, Peterson and c 0 > 
Evanston, Ill. (1957). 
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Cu - SCW system 
Cone p -Ifrryd 


0 Ot M 20 360 
0 02M 20 360 
0 03M 20 360 
0 05M 20 420 
0 07M 25 420 



Fio 1.—Continuous variations curves for the Cu^-SCN - system. 


order to locate the maxima in the x/(l — x ) ratios more exactly, several solutions were prepared with 
fractional molar ratios of reactants between the whole number ratios 5/5 to 7/3. To determine the 
extinction coefficients of the CuSCN* and the Cu(SCN) 4 a - complexes, additional solutions were 
prepared. One of these contained 0 001 M sodium thiocyanate and 0 063 M cupric perchlorate and 
had an ionic strength of O'20. It was assumed that the only complex present in this solution was 
c “ SCN+. Another solution contained 0 001 M cupric perchlorate and 0-158 M sodium thiocyanate 
(also of ionic strength 0-20) and it was assumed that only the Cu (SCN), 1 " complex was present. By 
v ®7' n g the concentrations of these species it was established that Beer’s law was obeyed. The results 
°f (he continuous variations studies on the Cu" SCN~ system are presented in Fig. 1; those for the 




C u - CL system Cu-Cl system 

Cone, /t Mm/j) Cone, p A{m/u) 
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Continuous variations cur\es for the Cu 2J --CI - system 
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Cu ,T -Cl~ system are given in Figs 2 and 3. Fig. 2 gives the data obtained at various concentrations 

w u !e KS Stt! 11 * ’f t nCt,0n for the ° 8 M Solut,ons at various ^S 

where it am easily bei seen that the location of the maximum is dependent on the wavelength. For the 
C u* r -SCN' system the measurements must be made soonafter preparation of the soluJesSJ 
with those of higher concentration, as precipitation of copper (I) thiocyanate" 1 occurs on standing. 


DISCUSSION 

In order to test the equations developed to describe the displacements it is neces¬ 
sary to know the concentrations of the various complexes which are present in that 
solution in which one of them attains a maximum concentration. The equilibrium 
constants required for this may be obtained from the literature. For the Cu 8+ -SCN~ 
system the constants reported by Tanaka and Takamura' 8 ' were used. Several 
spectrophotometric studies have been made on the Cu 2+ -Cl~ system ; ,9 ~ 16) we have 
used the results of Bjerrum< 9) m our calculations For the Cu 8 +-SCN~ system the 
variation in equilibrium constants with ionic strength has been calculated using the 
procedure given by Vanderzee and Dawson for the Cd 2 '-halide systems. 1171 From 
the equilibrium constants and the known total concentrations of Cu 84 and SCN - , the 
concentrations of all the complexes were calculated by an iteration process. Once these 
were known it was possible to calculate the ratios x/1 — x from equations of the type 
(1) through (5). In order to determine the exact point at which the concentration of 
the complex went through a maximum it was necessary to set up a slightly different 
difference function defined in such a manner that Y T — e,C t for each complex AB,. 
The extinction coefficients for each of the species present was calculated from a 
knowledge of the equilibrium constants for solutions of known composition and opti¬ 
cal density. Then Y r values were determined for the 1 1 complex from 

"4 nir.i.iin 1 .! ‘ /-(^A(k e 3 C 3 ^1 f -l) (lfi) 


and for the 12 complex 

Ft “ "^miHsurnd " 1 


(17) 


By working at a wavelength of 360 m,u, i: f) and £*> may be set equal to zero for the 
Cu 2, -SCN~ system. Several values of F, were determined numerically, and the x 
value at which a maximum occurred was found The extinction coefficients of Cu 
SCN 4 and Cu (SCN) 4 2 were obtained from measurements on solutions that contained 
an excess of metal ion or thiocyanate respectively The extinction coefficients for 
Cu(SCN) 2 and Cu(SCN) a - were obtained by solving two simultaneous equations of 
the type A — SjCj + e 2 C 2 f 3 C 3 + f 4 C 4 The concentrations were calculated from 
the equilibrium constants and the A from the absorption spectra The values obtained 
at 420 mil, for example, were — 4-50 < 10, t,, — 3-40 X 10 8 , f 3 — 7 - 76 X 10 2 and 


r, N 
1,1 N 

i#} j 

H 

IU| R 
,1 ” R 

(,,l fc 

IH. £ 
115. R 

in. -j 
im £ 


V. Sidowick, The Chemical Elements and Their Compounds, Vol 1, page 149 Oxford (1930). 
Tanaka and T. Takamura, / lnon; Nuel Chem 9.15 (1959) 

Blf RRUM, Kgl. Danske Videns Sel Mai. Fys Medd . 22, No. 18 (1946). 

■ McConnell and N Davidson, J Amo Chem Soc 72,3164(1950) 

Nasanen, Acta Chem. Scand. 4, 140 (1950) 

Nasanen, Suomen Kcnvstilehti B26, 37 0953) 

Doehlemann and H. Fromhfrz, Z Phvs Chem A171, 3531(1934). 

V Kiseleva, Zhr.fiz. Khun 27, 443 (1953), Chem Ahstr A 48, 13363 
Kruh, J. Amer. Chem. Soc 76, 4865 (1954) 

Moeller, J. Phvs Chem 48,111(1944) , Q 

H Vanderzee and H. J. Dawson. J Amet Chem Soc 75, 5659 (iwjj 
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e 4 = 3-00 x 10*. The values at which Y r reached a maxima are designated x 
(theor.) and are listed in Table 1 along with the values at which the other Y functions 
reach their maximum values. As can be seen from the table, the theoretical equation 
is in good accord with the actual x values at which the given complexes reach their 
maximum concentration (i.e. with the * max derived from the Y defined by Equations 
(16) or (17). It can also be seen that the Y value customarily used, defined by Equation 


Table 1. —Comparison of values for the Cu ,+ -SCN~ system 


Xjmx 


M 

h 

A(nvu) 

Complex 

assumed 

rof 
eqn. (11) 

Xmmx 

Y (eqn. (16 or 17) 

•Vmax 

Theor. (eqn. 5) 

0-01 

02 


CuSCN* 

0525 

0 525 

0498 

003 

0-2 


CuSCN + 

0 575 

0 525 

0 498 

003 

0-2 


Cu(SCN), 

0 575 


0-713 

0-03 

0-2 


Cu(SCN), 

0 625 

0-700 

' mmw 

007 

0 25 


Cu(SCN), 

0675 

0 725 



Table 2 —Comparison of x- m , x 

VALUES FOR THE Cu ,+ -Cl“ SYSTEM 


M 

l« 

(m/0 

Complex 

assumed 

max 

(eqn. 1!) 

•*max 

(eqn 5) 

0-015 

1 

250 

CuCl + 

0 500 

0-500 

0 030 

1 

250 

CuCI + 

0-525 

0500 

0-050 

1 

250 

CuCl + 

0-525 

0 500 

0 200 

1 

290 

CuCl 4 " 

0500 

0499 

0-500 

2 

360 

Cud, 

0-625 

0 694 

0-600 

22 

360 

CuCI, 

0 700 

0 698 

0800 

25 

340 

CuCl, 

0 700 

0-692 

0 800 

2 5 

340 

CuCI," 

0-700 

0 787 

0-800 

2-5 

360 

CuCl, 

0 725 

0 692 

0 800 

25 

360 

CuClr 

0 725 

0 787 

0-800 

2-5 

380 

CuCI, 

0 750 

0 692 

0-800 

25 

380 

CuCI,- 

0 750 

0 787 

0 800 

25 

400 

CuCI,- 

0 775 

0 787 

0800 

2-5 

400 

CuCl,*- 

0 775 

0 848 

1000 

30 

360 

CuCI, 

0-750 

0 705 

1-000 

3-0 

360 

CuCI,- 

0-750 

Q-786 

1-000 

30 

400 

CuCl, - 

0 775 

0 786 

1-000 

30 

400 

CuCl,*- 

0 775 

0-856 


(11) may give a rather poor indication of what is going on in the system. A similar set 
of calculations comparing the experimental values at which Y defined by Equation 
(11) reaches a maximum and the values at which the various complexes m the Cu 2 -- 
Cl~ system attain a maximum concentration is given in Table 2. The last column 
gives the values for jc mnT calculated from the known equilibrium constants for this 
system. 

It is apparent that one of the major sources of difficulty in the use of this method is 
the fact that the expression customarily used to obtain Y (Equation 11) is blind to the 
fine points of the chemical behaviour of these systems. This is a defect which becomes 
progressively worse as the stability of the complexes decreases. It is obvious that the 
disentangling of the various factors contributing to the customary Y function requires 
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An experimental test of the method of continuous variations 

a knowledge of the various terms in an expression such as (10). These concentration 
terms can only be obtained if the stability constants are known! So, it must be con¬ 
cluded that in the general case it will be impossible to obtain detailed information on a 
system containing several successive complexes by the use of this method alone. In 
some special cases where the variation in the different e’s is especially propitious such 
information may be available and, of course, it will be available where only a single 
complex is present. Thus the method of continuous variations has as its principal 
limitation, not the inability to adequately describe these systems as is sometimes 
stated (3), but rather its requirement of more information for this purpose than it can 
furnish itself. 

Two earlier studies are of interest in showing the requirements for the use of this 
method. Sommer and Hnilickova 118 ' studied the displacements that occur when two 
ligands are competing for the same metal ion. They developed an equation to predict 
*max values for systems of this type on the basis of a number of simplifying assumptions. 
The equation was tested on the systems: chromotropic acid-Ti(IV)-EDTA; SCN~- 
Fe 3+ -F" and kojic acid-Fe^-F". They showed that the ratio found for the con¬ 
tinuous variations curves was always greater than the theoretical ratio predicted from 
their equation. Thus for the second system mentioned, the x values found experi¬ 
mentally varied from 0-458 to 0-233 while their predicted values ranged from 0-397 to 
the obviously impossible value of — 1 -88. In this case these authors have neglected the 
detailed nature of the Y function in their calculations as well as the role of associated 
protonic equilibria. They also assumed that only one or two complexes were present. 
Where these assumptions were valid the agreement between their theory and their 
experimental results was quite satisfactory. 

Another example for which our results provide a basis for the rationali 2 ation of 
previously reported data may be seen in the Bi^-Cl - system. Newman and Hume 
studied this system by several methods, !I8) including the method of continuous 
variations. They attempted to use this method to predict the stoichiometry of the 
higher complexes, but decided that it was unsuitable for this because the maximum in 
the Y function shifted and appeared to be not well defined. If their data is examined in 
the light of the equations developed here, an explanation for these displacements can 
be given. Their Y function defined by Equation (11) passed through maxima for 
various concentrations at x values corresponding to a range of complexes from BiCl* 2- 
to BiClg 8- , though other spectrophotomeric evidence indicated no complexes higher 
then BiC 1 5 *~. We have taken their equilibrium constants and that for BiCl 6 3 from the 
work of Ahrland and Grenthe <20) and calculated x miiI values from the theoretical 
equations developed here. The x max values calculated in this manner by assuming a 
maximum in BiCV, BiCl s 2 ~ and BiC! 6 3 are 0-768,0-905 and 1-00 respectively. The 
theoretical value m best agreement with the experimental data is 0-905, indicating a 
maximum in the concentration of BiCl s 8- for their systems. From the raw Y function 
complexes higher than this might erroneously be expected. 

Thus, it has been demonstrated that the interpretation of the difference curves 
obtained by the method of continuous variations may be carried to completion if 
sufficient information is available on the systems studied. It has a*so been shown that 

,l ” L. Sommer and M. M. Hnilickova, Bull. Soc. Chim. France 36 (1959). 

<1,) L. Newman and D. Hume, J. Amer. Chem. Soc 79, 4576 (1957). 

11,1 S. Ahrland and I. Grenthe, Acta Chem. Scand. 11, 1111 (1957). 
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the usual Y function may lead to false conclusion about the stoichiometry of the com¬ 
plexes and consequently yield a meaningless equilibrium constant. This method is not 
capable of furnishing all the information required by itself, but must rely to some 
extent on data obtained using other methods. 

Acknowledgements —We wish to thank Dr. M. G inter for his considerable assistance in recasting the 
general equation into its present abbreviated form. This work has been supported by grants from the 
Research Corporation and the National Science Foundation, for which we wish to express our sincere 
gratitude. 
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KINETICS OF REACTION BETWEEN PLUTONIUM(III) 
AND CHLORINE IN CHLORIDE SOLUTIONS 

A. S. Ghosh Mazumdar, K. P. R. Pisharody and R. N. Singh 
R adiochemistry and Isotope Division Atomic Energy Establishment Trombay, Bombay 

Abstract—Oxidation of plutoniurn(UI) to (IV) by chlorine has been shown to follow an apparently 
first order rate law, with respect to both the reactants, when other conditions are constant. The rate 
was independent of acidity, but markedly dependent on the chloride ion concentration, and this 
dependence has been shown to be due to a specific effect of chloride ions rather than to a general 
effect of anions or ionic strength. 

The oxidation of plutonium(III) to (IV) by chlorine is reported to be slow in 0-5 M 
hydrochloric acid, being only about 10 per cent in 5 hr.* 1 ) The kinetics of this oxidation, 
which were observed to be markedly dependent upon the chloride ion concentration of 
the medium, have been studied, since apart from the interest concerning the mechanism 
of the reaction, data were required for some current work on the radiolytic oxidation 
of plutonium(III) in which chlorine is a possible intermediate. 

Stoicheiometry of the oxidation 

Excess chlorine was found to oxidize plutonium(III) at first to plutomum(IV) in 
hydrochloric acid. When the acid concentration was less than 3-5 M, the plutonium(IV), 
thus formed in a few hours, was then oxidized slowly to plutonium(VI); but no 
plutonium(VI) was formed in higher acidities (e.g. at 5-4 M) even when the reaction 
was allowed to proceed overnight. In the higher acid solutions the decrease in 
plutonium(IIl) concentration was found to be practically quantitative according to the 
reaction, Pu(III) + |Cl 2 —► Pu(IV) Cl - when the chlorine added varied between 
0 012 to 012 mole/mole of plutonium. 

Order of the reaction 

The rate of reaction was measured at several hydrochloric acid concentrations. 
The linearity of the graphs of log plutonium(III) concentration against time (Fig. 1) 
indicates that at a given hydrochloric acid concentration, oxidation followed an 
apparently first order rate law with respect to both reactants. This was confirmed by 
calculating rate constant values to orders of 1 5 and 2. Although these graphs were 
linear the slopes of the lines were markedly dependent upon the hydrochloric acid 
concentration. 

Effect of hydrogen ion concentration 

Separate series of experiments were carried out m which the chloride concentration 
was maintained constant by addition of lithium or potassium chlorides to varying 
hydrochloric acid concentrations. The apparent specific reaction rate (kf was found 

R. E. Connick and W. H. McVey, The Transuranium Elements, paper 3.10, NNES, McGraw-Hill, 
New York (1949) 
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Fio. 1.—Rate of oxidation of Pu(lII) by chlorine. Concentration of Pu(III) 1-67 x 
10* M; concentration of chlorine: 2 8 x 10'* N; concentration of HC1: X 30 M, 

O 4 5 M, • 6 0 M 

not to depend significantly upon acidity when total chloride ion concentration was 
constant Some typical data are shown below- 


Total chloride 


Initial cone 

Initial cone. 


ion (LiCl + HC1) 

Range of varying 

ofPu(III) 

of chlorine 


cone. (M) 

HC1 cone. (M) 

(M x 10*) 

(M x 10 s ) 

*'(x 10* min 1 ) 

60 

3-02 and 6-00 

1 38 

3-43 

5 1 

4-5 

2 95 and 4 50 

1 28 

3 55 

1 1 


Effect of initial chlorine and of total plutonium concentration 

Despite the first order rate dependence, k' increased gradually with the initial 
chlorine concentration and finally tended towards a constant value for a given 
plutonium concentration. This constant value was found to increase with increase in 
plutonium concentration in the range 0-002-0-02 M. k’ values obtained in 3-04 M 
hydrochloric acid are shown in Fig. 2. At other hydrochloric acid concentrations also 
similar effect of initial chlorine concentration was observed. 


Effect of chloride ion concentration 

The rate of reaction was found to increase with increased concentrations of 
chloride ion. The variation of k' with chloride ion concentration at 0-01 M plutonium 
and about 0-02 M chlorine concentrations is shown in Fig. 3. k’ increased from 0-5 to 
0-9 10“* min -1 and then rapidly to 27 x 10 -2 min -1 , as the chloride ion concentration 
was increased from 1 to 4 M and then to 8 M respectively. 





Kinetics of reaction between plutonium(HI) and ebkware m chloride solution 


1619 



Fio. 2.—Variation of k' with initial concentration of chlorine at different initial con¬ 
centrations of Pu(III); HC1 concentration = 3 04 M, % initial Puflll) concentration 
0-02 M; + initial Pu(III) concentration 001 M; O initial Pu(IH> concentration 
0-005 M; X initial Pu(IH) concentration 0-002 M. 



Chloride ion concenlrolion 

Fio. 3,—Variation of it' values with chloride ion concentration. Q in hydrochloric acid; 
^in hydrochloric-perchloric acid mixture, total anion concentration 3-0 M; x in 
hydrochloric-perchloric acid mixture, total anion concentration 6-5 M. 
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Rate in perchloric acid and in perchloric-hydrochloric acid mixtures 

In perchloric add alone, varying from 3-0 to 7-5 M, k' remained almost constant 
at 0-1 x 10“* min. -1 . In acid mixtures, when the chloride ion concentration was 
varied at constant total anion concentration, variation of k' was of the same order of 
magnitude as in perchlorate-free medium (Fig. 3). Lastly, the variation in k' with 
total anion concentration and at a fixed chloride ion concentration was very slight as 
shown below 


Range of total 
anion cone. 
(M) 

Chloride ion 
cone. 

(M) 

Observed variation in k' 

( x 10* min -1 ) 

3 05 and 7 35 

0-2 

Almost constant at 0-2 

4-0 and 6 1 

40 

0-8-11 

5 1 and 6-1 

5 1 

1*3—1 -5 


Therefore, the observed rapid rise in k' with chloride ion concentration is mainly due 
to a specific effect of chloride ions rather than to any ionic strength influence or a 
general anion effect, contributed by these ions, on reaction rates/* 1 

Halide ions facilitate kinetically many oxidation reduction reactions, electro¬ 
chemical * 31 as well as thermal / 41 Complexing could establish a new reaction path to 
aocelerate the overall process of electron transfer since both plutonium(III) and (IV) 
ions are known to form chloride complexes / 5 -® 1 The plutonium is probably oxidized 
by Cl a - ions which are known to form rapidly from chlorine and chloride ions / 71 
thus qualitatively explaining the independence of the rate on acidity. Further work is 
proceeding. 

EXPERIMENTAL 

For the purification of plutonium, two procedures were followed. In one, anion exchange resin 
Dowex 1x4 was used. In the other, which excludes the possibility of any trace contamination with 
organic matter, fluoride precipitation method was adopted, following an oxidation reduction cycle 
The plutonium fluoride thus obtained was repeatedly heated with nitric acid to convert it to the 
nitrate form. In both cases, from the solution obtained, plutonium was precipitated twice as hydroxide 
and finally dissolved in hydrochloric acid. Trivalent plutonium was obtained by cathodic reduction, 
and was estimated by microtitration with ceric sulphate 1 ” Acidity was measured by micro-alka- 
lunetry. For lodometnc assay of dissolved chlorine in solutions, the gas was swept out with nitrogen 
into a senes of potassium iodide solutions. 

Laboratory reagent grade lithium chloride was purified by recrystallization All other reagents us.-d 
were of G R. or AnalaR quality. 

<” V. K. La Mer, Chem, Rev 10 ,179 (1932); R. Livingston, /. Chem. Educ. (Canada) 7,2287 (1 930). 
A. R. Olson and T. R. Simonson, / Chem.Phys 17,1167(1949); R L. Moore, 7. Am. Chem Soc 
77, 1504 (1955). 

<*> For bibliography see for example E. H. Lyons, J. Eiectrochem. Soc. 101, 363 (1954); and A S 
Ghosh Mazumdar and M. Hajssinsky, J. Chim. Phys. 53, 979 (1956). 

141 For bibliography see for example B. J. Zwounski, R J. Marcos, and H. Eyring, Chem Rev 
55, 157 (1955); and H. Taube, Advances in inorg. Chem. and Radiochem., 1, 1 (1959). 

'*' M. Ward and G. A. Welch, J. Inorg. Nuci. Chem. 2, 395 (1956) 

J. C. Hindman, “The Transuranium Elements”, NNES, paper 4.7, McGraw-Hill (1949) 

1,1 F. A. Long and A. R. Olson, J. Amer. Chem. Soc. 58, 2214 (1936); N. V. Sidowick, The 
Chemical Elements and Their Compounds, Vol 2, p. 1167. Oxford (1932). 

(•) o. x. Seaborg, A. C. Wahl, The Transuranium Elements NNES paper 1.6, McGraw-Hill, 
(1949); B. B. Cunningham and L. B. Werner, ibid, paper 1.8. 

•” C. W. Koch, The Transuranium Elements, NNES paper 17.4, McGraw-Hill (1949); P V. Bala- 
krjshnan, A.S. Ghosh Mazumdar and R. N. Singh, AEET Report No. AEET/Radiochem/30 
(1962). 
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11 

Reaction rates were measured in the stoppered absorption ceils of a Beckman DU Spectropho¬ 
tometer. In a typical experiment, a measured volume of a solution of chlorine in hydrochloric acid was 
added by means of a pipette below the surface of a solution containing a known amount of plutonium 
(111) tn an absorption cell, which was then stoppered and shaken to mix the reactants. No evolution of 
gas bubbles was noticed in these experiments which were performed at the laboratory temperature, 
conditioned to 25° ± 2°C. The time of start of the reaction was reckoned from the middle of the 
operation of adding chlorine and the progress of oxidation was followed by measuring the absorption 
due to plutonium(IIl) at 602 m/t. 

Acknowledgement —The authors wish to express their gratitude to Dr G. A. Welch, Head of the 
Radiochemistry and Isotope Division for his interest m the work and valuable suggestions. 
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THE CHEMISTRY OF PROTACTINIUM—VI 

THE POLAROGRAPHY OF PROTACTINIUMf 

C. Ferriera de Miranda* and A. O. Maddock 
The University Chemical Laboratories, Cambridge 

( Received 21 August 1961, in revised form 4 June 1962) 

Abstract—Irreversible polarographic waves are observed in oxalate, citrate, sulphate and fluoride 
solutions of protactinium. Fluoride solutions show two waves, at —1-29 and —1-56 V vs. S.C.E., 
for a fluoride concentration of 3 8 M. The first wave can be attributed to the reduction of the fluoro 
complex of Pa(V) to the corresponding complex of Pa(IV). The second wave may be due to the 
reduction of Pa(IV) Pa(III). Polarograms in oxalate and sulphate solutions give less meaningful 
results. 

Most of the data that have so far been accumulated on the electrochemistry of protac¬ 
tinium have been obtained by Haissinsky, Bouissieres andFERRADiNi, and their collabo¬ 
rators, working in the Institut du Radium, Paris. A concise summary of this infor¬ 
mation, together with full references, have been published by one of the above 
investigators* 1 ' and no further work has been reported since this review. A large part 
of the work concerned deposition reactions, spontaneous, cathodic and anodic, at 
different metal electrodes. 

The difficulty attending most of these studies was the certain identification of the 
electrode reactions involved. It is well known that protactinium compounds are 
generally very susceptible to hydrolysis. In fluoride solutions, where hydrolysis of the 
pentavalent state can be avoided, the tetravalent state forms an insoluble salt. Since 
the chemical identity of the deposits have not been thoroughly established, nor is there, 
in general, information on the reversibility of the electrode processes, the above 
chemical properties of the element indicate some of the uncertainties in deducing the 
electrode reactions involved. In the most recent and detailed of these studies 
Ferradini ** 1 explored a cathodic deposition process with a standard electrode poten¬ 
tial of — 1 03 V. Her value for the coefficient m the Nernst equation led her to associate 
this potential with deposition of the metal, i e. to refer it to the Pa/PaF 7 2 ~ couple. 
As far as the Pa(V)/Pa(IV) potential is concerned no direct measurements have been 
reported. 

Polarographic techniques have not been applied extensively in the study of this 
problem. Gu£ron and LevEque* 3 ' were unable to find waves in fluoride or sulphate 
solutions. Elson 14 ' was more successful in oxalate solutions. Working with solutions 
0-5 x 10~ 3 to 2-5 x 10~ 3 M in protactinium and 01-1-5M m oxalate, he obtained two 

* Present address ■ Laboratorio de Radioquimica, Faculdade de Ciencias, R. Escola Politcchmca, 
Lisbon, Portugal. 

t Presented, in part, at the XVIlth International Congress of Pure and Applied Chemistry, 
Munich, 1959. 

<*• M. Haissinsky and G BouissiIres, Protactinium section in Nouveau traite de ekmie minerale 

(Edited by P. Pascal). Masson, Paris (1958). 

**' C. Ferradini, J. Chtm. Phys. S3, 714 (1956). 

See M. Haissinsky and G. Bouissi£res, Bull. Soc. Chtm. France 18, 146 (1951). 

*** R. E. Elson, Protactinium section. The Actinide Elements (Edited by J. J. Katz and G. T. Seaborg.) 

Chap. 5. N. N. E. S., Dtv. IV. Vol. 14A. McGraw-Hill, New York (1954). 
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waves, both irreversible. Rather arbitrarily he attributed the first to the reduction 
Pa(V) -*■ Pa(IV) and the more negative to Pa(IV) -*■ Pa(III). Surprisingly, on this 
interpretation, the first wave was independent of the hydrogen ion concentration, 
whereas the secondwave was not. The second wave, moreover, was almost super¬ 
imposed on the oxalate ion reduction wave. No detailed account of this investigation 
has yet appeared. 

EXPERIMENTAL 

1. Materials 

The protactinium-231, used throughout this work, was obtained from the pilot extraction and 
purification plant set up in this Laboratory. 115 Additional purification on the bench scale was ac¬ 
complished by nine cycles of solvent extraction with di-isobutyl ketone (DIBK) The use of anhydrous 
aluminium chloride for complexmg the fluoride ion prior to the extraction of the protactinium from 
8M HC1 4- 0-5 M HF solution was avoided in the last two cycles, since some aluminium is bound to 
follow the protactinium m the extraction Thus, ammonia was added to the aqueous phase, and the 
resulting precipitate was repeatedly treated with 8 M HC1 until all the protactinium passed into solu¬ 
tion. The protactinium was then extracted with DIBK, back-extracted with 8 M HC1 + 0-5 M HF, 
and the process repeated. The organic phase was washed with 8 M HCI before each back-extraction 
from the third cycle onwards, in order to enhance the separation from zirconium and uranium. The 
product of the solvent extraction treatment was further purified by ion exchange. The protactinium 
was adsorbed from 8 M HCI solution onto a column of Amberlite IRA-400 The column was washed 
with 7 M HCI (elimination of zirconium,and the protactinium eluted with 10 column volumes 
of 9 M HCI 0-1 M HF (separation from uranium, niobium, tantalum and iron). l “ *> Finally, the 
protactinium was precipitated as the peroxide and then as potassium fluoroprotactmate 

Analytical grade reagents were employed throughout the work, but for the first few cycles of 
solvent extraction DIBK, available as a technical grade reagent only, was washed with 8 M HCI 
before use Ordinary distilled water proved suitable for the preparation of solutions. Platinum and 
polythene ware were used for some manipulations, and the fluoride solutions did not come into 
contact with glass except in the polarographic cell. 

2. Preparation of the solutions 

fluoride solutions. Ammonium fluoride was chosen as a support electrolyte, since protactinium 
shows limited solubility in potassium fluoride and sodium fluoride solutions, which would be otherwise 
more convenient. Ammonium fluoride solutions of satisfactory purity were prepared by neutraliz¬ 
ing hydrofluoric acid with ammonia to pH 7 2, fluoride was subsequently determined as lead chloro- 
fluonde. Tetramethylammomum fluoride, prepared from a satisfactorily purified bromide, was also 
tried as a support electrolyte. However, it proved unsuitable owing to the difficulty experienced m 
obtaining solutions with lower residual currents than those given by ammonium fluoride. 

For obtaining each polarogram, a convenient aliquot of a hydrofluoric acid stock solution of 
protactinium was taken and freeze dried. The residue was easily dissolved in 2 ml of the ammonium 
fluoride support electrolyte. The resulting solution was transferred to the polarographic cell, where 
0-01 ml of a 2 per cent, freshly prepared gelatin solution was added A polarogram was finally 
recorded, after complete de-aeration of the contents of the cell. 

Sulphate solutions. Ammonium sulphate plus sulphuric acid solutions were used as support 
electrolyte. Protactinium was brought into solution in these media by three different techniques 
(i), solid protactinium fluoride, obtained as described above, was directly dissolved in the base electro¬ 
lyte: (u), protactinium was extracted from 8 M HCI into DIBK, and back extracted into the sulphate 
solution; (iii), protactinium “carbonate” was precipitated from a hydrofluoric acid solution with 
ammonium carbonate, and the precipitate dissolved in the sulphate solution. In every case, gelatine 
was added as a maximum suppressor, and the samples de-aerated before registering thie polarograms 

111 A. G Gobue, J. Golden, A. G Maddock and D J. Toms, Progress in Nuclear Energy , Senes III, 
Process Chemistry, Vol. 2, p 86. Pergamon, London (1958). 

A. G. Maddock and W. Pooh, J. Inorg Nucl. Chem. 2, 114 (1956). 

171 S. Kahn and D. E, Hawkjnson, J. Inorg. Nucl. Chem. 3, 155 (1956). 

K. A, Kraus and G E Moore, J. Amer. Chem. Soc. 73, 2900 (1951) 

K. A Kraus, G. E. Moore and F Nelson, J. Amer Chem. Soc. 78, 2692 (1956). 

I1 *’ J. S. Nairn, D. A. Collins, H. A. C. McKay and A. G. Maddock, The Proceedings of the Second 
International Conference on Peaceful Uses of Atomic Energy, Geneva, 1958, A/Conf. 15/1458 
United Nations (1958). 
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Citrate solutions. These were obtained by dissolving protactinium “carbonate" in citric acid plus 
sodium citrate solutions. 

Oxalate solutions. A. stock solution of protactinium hydrated oxide m oxalic acid was prepared; 
convenient aliquots were taken and added to aqueous potassium oxalate. 

The protactinium content of the solutions was determined after each polarogram had been re¬ 
corded. In the case of fluoride solutions, two O'Ol ml aliquots were taken on platinum trays, evapora¬ 
ted to dryness, and gently ignited. Each sample was counted to within a standard deviation of 1 per 
cent m an a-scintiliation counter whose geometry was established by means of a “Am standard. 
The deviation between the samples never exceeded 2 per cent. Thus, relative protactinium concentra¬ 
tions could be estimated with an accuracy of ~1 per cent. A half-life of 3 43 x 10 4 years 1111 was taken 
for the calculations. No self-absorption correction was needed, as the samples were virtually weight¬ 
less. Solutions, other than the fluorides, which would not give weightless samples, were gamma 
assayed in a well type gamma scintillation counter. The activity at the half-width of the 0 3 MeV 
peak was compared with that of a protactinium source which was standardized by ot-counting. The 
accuracy of this procedure was comparable to that achieved with the fluoride solution. 

3. Polarometer 

A home-made polarometer was employed. The applied e.m.f could be read to 0-1 mV, and the 
current measured to within 0-5 per cent at mid-scale deflexion of the galvanometer An auxiliary 
circuit provided for absolute calibration of the galvanometer sensitivity. 

The dropping electrode was fashioned after Skobets and Kavetskii,' 1 ’ 1 having a glass “hoe” 
attached to its tip in order to improve regularity of dropping. The behaviour of this modified dropping 
electrode was tested with a cadmium solution. The half-wave potential and the diffusion current 
constant were found in good agreement with those reported in the literature. A saturated calomel 
electrode was used as anode The connection between the cell and the S C E. was made via a bridge 
filled with the support electrolyte in the cell, stoppered with potassium chloride saturated agar-agar 
at the S.C.E. end. The resistance of the cell was such as to render negligible any correction due to an 
ohmic voltage drop across the cell. 

The temperature of the sample under investigation was kept at 25 ± 0 2°C De-aeration was 
effected by means of oxygen-free nitrogen, pre-saturated with the vapour of a blank matching the 
solution in the cell. 


RESULTS 

I. Fluoride solutions 

(a) Polarograms at constant ammonium fluoride concentration. Polarograms were 
recorded under the following conditions' concentration of fluoride, 3-84 M; pH, 7-2; 
protactinium concentration, 2-3-9 5 x 10 -4 M. 

Two waves are seen on the polarograms (Fig. 1). The height of the first wave is 
proportional to the concentration of protactinium within the range investigated. On 
the contrary, the height of the second step does not follow a similar law (Fig. 2). 

It is seen in Fig. 3 that the plot of log if(i d — i) against — E for the first wave 
approaches a straight line at each concentration of protactinium. All the plots give 
= —1-29 V. The slope increases with decreasing protactinium concentration, and 
tends to the theoretical value for a one-electron reduction. Though at the lowest con¬ 
centration of 2-3 X 10 4 M the data are less accurate and the points more scattered 
than at higher concentration, the above trend is maintained. The diffusion coefficient 
of the fluoro-protactinate ion was calculated from the limiting diffusion current data 
by means of the Ilkovic equation and found equal to (0-71 ± 0-03) x 10~ 5 cm s sec -1 , 
assuming a one-clectron reduction. 

The plot log f/(/ d — /) =fl—£)for the second wave also approaches a straight line 
whose slope is smaller than that corresponding to a one-electron reduction. Because 
this wave is smaller than the first one, the data are necessarily less accurate, and it 
is difficult to follow the trend of the slope down to the lowest protactinium 

,m Q. V. Winkle, R. G. Larson and L. I. Katzin, J. Amer. Chem. Soc., 71,2585 (1949). 

II, 1 E. M. Skobets and N. S. Kavetskii, Savodskaya Lab. 15, 1299 (1949). 
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Fio. 1.—Polarograms of protactinium at constant ammonium fluoride concentration 
(3 84M). Protactinium concentrations' a, 9-4 x 10"* M; b, 7-8 x 10"* M, c, 
49 x 10'* M; d, 2-3 X 10"* M. 



Fio. 2.—Dependence of the wave heights on protactinium concentration, in 3-84 M 
ammonium fluoride, a, first wave, Ei = —1-29 V; b, second wave, Ej = —1-57 V. 
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Fio. 3 —Reversibility test for the protactinium first wave in 3 84 M ammonium fluoride. 
a,Cn - 94 x 10‘M; b, C P , 49 •: 10 ‘M; c, C P . = 23 x 10 ‘M; d, theoreti¬ 
cal line for a one electron reduction with Ej = —1-29 V. 

concentration. The half-wave potential determined from these plots varies between 
— 1 *58 and — 1 -56 V. 

(b) Polar ograms at different concentrations of ammoniumfluoride. The effect of fluo¬ 
ride concentration on protactinium half-wave potentials was investigated in ammonium 
fluoride solutions of pH 7-2 and fluoride concentrations ranging from 1-02 to 7*94 M. 
The concentration of protactinium was kept between 5-9 and 7-8 x 10 4 M. 

One or two waves are observed, depending on the fluoride concentration (Fig. 4). 
With fluoride concentration below 2 M, the second wave is either absent or, more likely, 
it is shifted to very negative potentials where satisfactory measurements cannot be 
carried out owing to the interfering reduction of NH^. In 7-94 M ammonium fluoride 
the second wave can be observed; however, because the residual current of the support 
electrolyte decreased with time, it was difficult to register the wave accurately beyond 
-1 -6 V. The half-wave potentials become more negative for both steps with decreas¬ 
ing fluoride concentration, this being the reverse of the expected behaviour (Table 1). 


Table 1 


Fluoride concentration 
(M) 

Ej, first wave 
(V) 

Ej, second wave 
(V) 

1 02 

-1 43 

<-1-7 

1 97 

-1-36 

<-l 7 

3 84 

-1-29 

-1 57 

7-94 

-125 

-1-54 


10 
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Fig. 4. — Polarograms of protactinium at different ammonium fluoride concentrations 
a, 1 02 M ammonium fluoride, 7-1 x 10 _ * M protactinium, b, 1-97 M ammonium 
fluoride, 70 x 10 * M protactinium, c, 3 84 M ammonium fluoride, 7 8 x 10 * M 
protactinium, d, 7 94 M ammonium fluoride, 5-9 x 10 4 M Pa. 

(c) Polarograms of protactinium in other fluoride media. Attempts were made to 
record polarograms of protactinium in neutral fluoride. It was found, however, that 
sodium fluoro-protactinate has a rather limited solubility m neutral 1 M sodium fluoride 
(-—10 -4 M) and that the protactinium steps, though present, are accordingly too small 

Weakly acid ammonium fluoride solutions of protactinium were also investigated 
No waves could be detected owing to the erratic behaviour of the dropping electrode 
under such conditions. 

2. Sulphate solutions 

(a) Solutions preparedfrom the fluoride. Polarograms were recorded for solutions 
of protactinium fluoride in the following support electrolytes: 3 M (NH 4 ) 2 S0 4 r 
10-* M HjS0 4 ; 1-5 M (NH 4 ) 2 S0 4 -f !0~ 2 M H..SO,; 3 M (NH 4 ) 2 S0 4 -f 1 M H 2 SO, 
The polarograms (Fig. 5) show a well-defined wave whose half-wave potential is 
—0-97 V in the first support electrolyte, —0-94 V in the second, and —0-45 V m the 
third. All the polarograms suggest the presence of a second wave which cannot be 
plotted, however, due to the superposition of the hydrogen wave. The waves are 
irreversible. As can be anticipated, the half-wave potential is shifted to more negative 
values with higher sulphate concentrations, and with decreasing acidity. 

(b) Solutions prepared by solvent extraction. Although partial precipitation 
occurred when protactinium was extracted from DIBK. into 15 M (NH 4 ) 2 S0 4 f 
10~* M H 2 S0 4 , a considerable amount of protactinium passed into the aqueous phase, 
yielding a 2-5 X 10 -3 M solution. As the acidity of this solution was not easily 
controlled, the residual current of a support electrolyte blank treated in the same 
manner was not reproducible.- It was impossible therefore to plot accurately the 
protactinium stepfs) 

Solutions prepared from the carbonate. Solutions prepared by dissolving 
protactinium “carbonate” in the support electrolyte have the advantage of being free 
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Fig 5 -Polarograms of protactinium in sulphate solution. Solutions prepared from 
the fluoride a, 3 M ammonium sulphate, 10 '' M sulphuric acid; C Pa = 5-6 x 10 ‘ M 
b, 1 5 M ammonium sulphate, 10 1 M sulphuric acid; C P , = 60 x 10 ‘M c, 3 M 
ammonium sulphate, 1 M sulphuric acid, C Pa = 50 x 10 4 M. 

from fluoride or any anions other than the sulphate. Ammonium sulphate 1-5 M plus 
0-3 M sulphuric acid was used as base electrolyte; solutions of lower H 2 S0 4 concen¬ 
trations were not employed as the acidity might be significantly changed when the 
carbonate was dissolved. 

Two waves were observed, at —0-6 and —1-19 V (Fig. 6). The first small wave may 
be attributed to the same species as obtained upon dissolving protactinium fluoride 
in 1-5 M (NH 4 ) 2 S0 4 -f- 0-3 M H. 2 S0 4 (cf. (a) above) The second wave is likely to 
correspond to the reduction of another species, more extensively hydrolysed, and 
present m greater proportion. The presence of a third wave is suggested by the polaro- 
grams, but it cannot be plotted owing to the interfering reduction of the hydrogen ion. 

3. Citrate solutions 

The above results indicate that polarograms of protactinium in slightly acid or 
neutral media are the more favourable ones for observing the reduction of Pa(IV) to 
Pa(lll). Thus, citrate solutions seemed worth investigating as the protactinium citrate 
complex is rather stable' 131 and likely to remain so even at low acidity. However, it 
was found that the reduction of protactinium in 0-5 M sodium citrate plus 0-5 M citric 
acid occurs at potentials very near to those corresponding to the interfering reduction 
of citrate ion. A maximum is present which is not suppressed by 0-02% gelatin 

(Fig- ?)• 

The unfavourable features of the polarograms discouraged further study of citrate 
solutions. Thus, alkaline solutions of the protactinium citrate complex were not 
A. G. Maddocic and G. L. Miles, J. Chem Soc S 248 (1949). 
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E. V ,s SCE 

Fio 6.—Polarogram of protactinium in 1-5 M ammonium sulphate, 03 M sulphuric 
acid. Solution prepared from the carbonate. Cy* = 1 3 x 10 * M. 



Fio. 7.— a, Polarogram of protactinium in 0-5 M sodium citrate, 0 5 M citric acid 
Cy, = 4 x 10 ’ M. b, Polarogram of the support electrolyte. 
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investigated (although they were recognised as being surprisingly stable), because their 
only advantage over the acid solutions would have been the absence of the hydrogen 
wave which is not the chief source of interference. 

4 . Oxalate solutions 

In agreement with Elson’s observations, ,4) a wave with E k = —1-75 V was obtained 
in ()• 5 M potassium oxalate at aprotactinium concentration of 1-7 x 10~*M. Thiswave 
tended to present a maximum and was preceded by a small step at —1-2 V. No attempt 
was made to record the second wave which has been observed by Elson at more 
negative potentials. 

DISCUSSION 

Fluoride solutions, which gave the best results both from the point of view of 
reproducibility and of significance will be discussed in some detail. 

As far as the first wave is concerned, it is clearly suitable for the polarographic 
determination of protactinium, at least over the range of concentrations used in this 
investigation. Fig. 3 shows that wave is not polarographically reversible, but appears 
to be approaching such reversibility at low protactinium concentrations. The linearity 
of curve (a) in Fig. 2 and the normal dependence of wave height on the height of 
mercury show thatthewave isin factdiffusion controlled. The slope of the log i/(i d — i) 
versus voltage plot at low concentrations suggests that the electrode process responsible 
for this wave is the one electron reduction of the Pa(V) fluoro-complex to the Pa(IV) 
state. This conclusion is supported by the reasonable value for the polarographic 
diffusion coefficient calculated for the Pa(V) ion on this basis using the Ilkovic 
equation. The value, 7T x 10~ 8 cm 2 sec may be compared with 7-4 x 10 -6 for 
ferrocyanide and 8-9 x 10~® for ferncyanide ions. 

On the present data it is not possible to be confident as to the reason for the irrever¬ 
sibility of the wave, nor the reason for the influence of fluoride concentration. There 
is relatively little data in the literature regarding the polarography of fluoride 
solutions. 04 - 15 * Much of it relates to the ferrifluonde system for which very con¬ 
flicting results are reported. 001,10 However, it does appear that irreversibility of the 
electrode reaction is not uncommon for the fluoro-complexesof metals. If the irreversi¬ 
bility arises from this cause it is not clear why the log t/t d — i versus voltage plots 
should approach the one electron slope at low protactinium concentrations. 

The co-ordination number of the Pa(V) in the fluoro complex is high. It is known 
that the solid phase separating from the fluoride solution upon addition of potassium 
fluoride contains the PaF 7 2_ ion. 071 We shall shortly publish evidence that the domi¬ 
nant ion present in the solution is very likely the PaF 8 3 ~ anion. In either case it is quite 
improbable that the primary reduction product has more F~ ligands than the Pa(V) 
complex. Thus the effect of fluoride concentration on the half-wave potential cannot 
be ascribed to this cause. This effect might be due to the changing ionic strength of the 
solution but if one takes into account that the charge on the reduced ion is certainly 
greater than on the Pa(V) fluoro complex the change m the half-wave potential is 
again not of the expected sign. 

11,1 P. W. West, J. Dean and E J Breda, Coll Czech Chem Commun. 13, 1 (1948). 

I, *> J. T. Moelwyn-Hughes Thesis, Natal University, South Africa (1959). 

C. E. Shoemaker, Attalyi. Chem. 27, 552 (1955). 

C. L. Roi.?s and G. A Stoner, J Amer Chem. Soc. TJ, 2653 (1955). 

A. V. Grosse, J. Amer. Chem. Soc. 56, 2501 (1934). 
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Other explanations of the polarographic irreversibility deserve attention. It must 
be remembered that even if tbe primary reduction product is the PaFg 4 - ion, this 
anion will be unstable with respect to PaF 4 deposition at quite low concentrations. 
A slow deposition reaction might lead to irreversibility with an approach to reversi¬ 
bility at a low enough protactinium concentration. It may be noted that the departure 
from linearity of the log i/(/ d — i) versus voltage plot at the higher voltages (see Fig. 3, 
curve (a)) could arise in this way. The solubility of protactinium tetrafluoridein thesup- 
porting electrolyte was determined for the 3- 84 M ammonium fluoride solution and found 
equal to 5-8 ± 0-7 x 10 -4 M. Thus if the diffusion layer has a thickness of 0-05 mm, 
as suggested by Antweiler (18) , deposition of PaF 4 could begin at a current of 2 /uA. 
This explanation does not lead to an unequivocal prediction of the effect of fluoride 
concentration on the half-wave potential. Increasing fluoride concentration should 
drive the wave to more negative potentials in so far as it suppresses the dissociation of 
the PaFg 4- ion, but it might lead to the opposite effect by accelerating the deposition 
of PaF 4 by lowering its solubility. The half-wave potential should also change with 
protactinium concentration but the range of concentrations investigated might be too 
small to show such an effect. However, with this explanation the slope of the log 
'Ad — ' vs. voltages plots should assume the one electron value if the current is less 
than 2 //A. This does not appear to be the case. 

The second wave is clearly irreversible and the diffusion current soon reaches 
a limiting value not dependent on the protactinium concentration. It was carefully 
confirmed that the wave is essentially connected with the protactinium by showing 
that the ratio of height of the second to that of the first wave was the same, under 
otherwise similar conditions, using protactinium from different purification treatments 
A second possibility is that this wave is due to the reduction of another complex of 
Pa(V) not in rapid equilibrium with that responsible for the first wave. There are no 
quantitative data on the equilibria of the protactinium species in such fluoride solutions 
but the qualitative evidence* 1 ® 1 suggests that equilibrium, if indeed more than one 
complex ion is present in appreciable amounts at such F/Pa ratios, is very rapidly 
established, so that a single wave should result from the Pa(V) Pa(IV) reduction 

A third possibility is that this is a catalytic reduction wave. Although the present 
data do not exclude this possibility and, indeed, the wave characteristics resemble 
those of catalytic waves, it is thought improbable because (a) the wave is not sensitive 
to modest changes in pH, (b) the height of the wave is always less than that of the- 
Pa(V) -* Pa(IV) stage, (c) existing information 11 *’ suggests that fluoride ligand 
completely replaces OH ligand in the protactinium complexes. 

It seems most likely that the second wave does represent another stage of the 
reduction of protactinium. It is not possible to say whether this wave is due to 
Pa(lV) -*■ Pa(III) or some other process. However, PaF 3 will be even less soluble than 
PaF 4 and the formation of the two insoluble products round the drop would account 
for the diffusion current-protactinium concentration curves obtained. 

The first half-wave potential is very close to the standard potential measured by 
Ferradini <2) and it seems quite possible that this potential refers to rather a Pa(V)' 
Pa(IV) couple, both valencies being present as their fluoro-complexes. 

All the polarograms obtained with solutions other than the fluorides showed only 

•“» H. J. AtrrwEILER, Z Electrochem. 44 , 719, 831-888 (1938). 

“*' A. T. Casey, and A. G. Maddock, J Inorg. Nucl . Chem. 1®, 289 (1959). 
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one irreversible wave corresponding to the reduction of Pa(V) to Pa(IV). Nevertheless, 
a rise in current following the Pa(V) reduction wave was systematically observed in the 
case of the sulphate solutions. This could be attributed to a catalytic reduction of the 
hydrogen ion promoted either by Pa(IV) or Pa(III). In the light of the behaviour of 
protactinium in fluoride solution, it seems likely than Pa(III) is formed in sulphate 
solutions as well, and that the corresponding wave would be detected were it not for 
the interfering reduction of hydrogen ion. Similar remarks apply to the case of oxalate 
solutions. Polarograms of citrate solutions are difficult to interpret owing to the 
presence of a persistent maximum, and do not contribute much to the general picture 
of the polarographic behaviour of protactinium. 

On the whole, thepresent investigation shows that protactinium can bepolarographi- 
cally reduced to the tetravalent state, and that trivalent protactinium may possibly 
be obtained, at least at low acidities. 

Acknowledgement —One of us (C F. M.) is indebted to the “lnstituto de Alta Cultura”, Portugal for 
a fellowship. The investigation was partially supported by a contract from the A.E R.E., Harwell. 
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THE STABILITIES OF THE TRANS-l ,2-DIAMINOCYCLOHEXAN£- 
N,N'-TETRAACETIC ACID CHELATES OF THE 
TRI-POSITIVE IONS* 

T. Moeller and T. M. HSEuf 
Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 

( Received 3 April 1962; in revised form 17 May 1962) 

Abstract—Interaction between trans- 1,2-diaminocyclohexane-N,N' tetra-acetic acid (H«DCTA or 
HiZ) and tripositive rare-earth metal ions has been investigated, The formation constants of the 
hydrogen chelates (LnHZ) and of the normal chelates (LnZ~) have been evaluated at 20°C, 30^1 and 
40°C and an ionic strength of 010(KNO,), the former by a titration technique and the latter by a 
mercury indicator-electrode technique Enthalpy and entropy changes characterizing the formation 
of the normal chelates have been calculated at 25°C. These and functions of the partial molal entropy 
of the normal chelates have been compared with corresponding values for related chelating agents. 
The significance of a configurational entropy contribution is particularly apparent for the complexes 
of this somewhat stencally limited ligand. 

In previous communications in this series, variations in the entropy and enthalpy of 
formation, as judged by variations in formation constants as a function of both atomic 
number and temperature, of chelates of A-hydroxyethyletbylenediaminetriacetic 
acid, 121 nitrilotriacetic acid' 3 * and diethyienetnaminepenta-acetic acid U) have been 
examined in the light of possible steric changes as the size of the central cation changes. 
Contrary to the conclusions drawn earlier for the ethylenediaminetetra-acetic acid 
chelates, <# ' 8) these variations have been better correlated with a gradual weakening of 
the bond between the metal ion and a donor carboxyl group as cationic radius de¬ 
creases than with complete rupture of such a bond at a specific cation in the senes. 
These correlations, together with the somewhat nomadic behaviour of yttrium, have 
been related to configurational entropy. 

The validity of this approach can be tested only through comparable studies invol¬ 
ving related chelating agents of controlled structure. Inasmuch as ethylenediamine¬ 
tetra-acetic acid (H 4 EDTA) apparently behaves differently from the other agents 
described, it is, therefore, particularly important that the investigations also include 
donors that are structurally as nearly like this reagent as possible. Such a substance is 

• After this work had been completed, it was learned that a similar study is described in the 
doctoral dissertation of R. H. Karraker, Iowa State University (1961) 

t Present address: Department of Chemistry, National Taiwan University, Taipei, Taiwan, 
Republic of China. 

111 For the preceding paper in this senes, see T Moeller and L. C Thompson,/ Inorg Nucl. Chew. 
24, 499 0962). 

1,1 T. Moeller and R. Ferros, /. Inorg. Nucl Chem 20, 261 (1961). 

T. Moeller and R. Ferros, Inorg. Chem. 1, 49 (1962). 

“> T. Moeller and L, C. Thompson, /. Inorg Nucl. Chem. In press. 

<»> E. J. Wheelwright, F. H. Speddino and G Schwarzenbach, /. Amer. Chem. Soc. 75, 4196 
(1953). 

'*> R. H. Betts and O F Dahlinger, Canad J Chem 37,91 (1959), 
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/ranj-1,2-diaminocyclohexane-N,N'-tetra-acetic acid (H 4 DCTA), which differs essen- 
tlally only in the ring-imposed rigidity between the two nitrogen atoms but which, in 
terms of the diagrammatic representation 


V ^N(CH !i COOH) ! 


has these atoms ideally arranged for coordination. Although the two reagents may be 
expected to resemble each other closely, 41,81 both preorientation 40 * and enhanced 
basicity of the nitrogen atoms should render the H 4 DCTA chelates the more stable. 
The polarograpbically determined formation constants at 20°C for the [Ln(DCTA)]- 
species 410 * are uniformly larger than those for the corresponding [Ln(EDTA)] 
species. 41 ** It is significant that a plot of these values against atomic number closely 
parallels that for the H 4 EDTA chelates, i.e., stability increases throughout the series 
with decreasing cationic radius but shows a marked discontinuity at gadolinium. 4610,11 * 
It is perhaps of even greater significance, however, that the entropy and enthalpy 
changes accompanying the formation of these chelates, as outlined later, are entirely 
different from those associated with the formation of the [Ln(EDTA)] species. 

In measuring the formation constants at several temperatures, certain of the 
complexities 412 * inherent in the previously studied polarographic-exchange pro¬ 
cedure 414 ” have been minimized through use of the mercury indicator-electrode 
method. 44,1 ** As an essential to application of this procedure, dissociation constants 
for the last two acidic protons of the chelating acid were measured as a function of 
temperature. These data were then used to evaluate the thermodynamic functions. 

EXPERIMENTAL 

Materials Yttrium and rare-earth metal oxides of 99 + 99 9 per cent purity were the same as those 
used m previous investigations.'’' 41 Trans- 1,2-diaminocyclohexane-N,N'-tetra-acetic acid, obtained as 
Chel-600 from Geigy Industrial Chemicals, was twice rccrystailized from water to a product analysing 
to 99 8 per cent purity by potenuometric titration with potassium hydroxide in the presence of a slight 
excess of copperOI) chloride Mercury was purified by the nitric acid-mercury(I) nitrate air-oxidation 
procedure. 11 * 1 All other chemicals were of analytical reagent quality 

Solutions An approximately 2 x )0 _ * M solution of the chelating acid was prepared by direct 
weighing and standardized by potentiometric titration with carbonate-free potassium hydroxide first 
in the presence of copper(II) chloride and then in the presence of neodymium chloride Solutions ol 
the rare-earth metal chelates were obtained by dissolving weighed quantities of the oxides and the 
chelating acid in known excess quantities of nitric acid Each such solution was 2 x 10 * M in the 
complex species and 1 5 x 10'* M in total hydrogen ion Previously described procedures 10 were 
used for the preparation of ca I x 10"* M mercury(H) nitrate, 5 / 10 * M rare-earth metal nitrate, 
and 3 x 10"’ M mercurydl) chelate soluuons 

Apparatus and procedure These were the same as previously described.'*’ 

m G. Schwarzenbach, H Ackermann and P. Ruckstuhl, Helv Chim Acta 32, 1175 (1949) 

'•> G. Schwarzenbach, A. Willi and R O Bach, Helv Chtm Acta 30, 1303 0947) 

'•> J. H. Holloway and C N Reilley, Project AF 49(638)-333, UNC-Chem No. 2-CNR.TN-59-548, 
September 11 (1959) 

11,1 G. Schwarzenbach, R Gut and G Andereog, Helv Chim Acta 37, 937 (1954). 

< u > G. Schwarzenbach and R Gut, Helv. Chim Acta 39, 1589 (1956) 

(w R. W. Schmid and C. N. Reilley, J Amer Chem. Soc. 78, 5513 (1956). 

<>” G. Schwarzenbach and G Andereoo, Helv Chim. Acta 40, 1773 (1957) 

Daniels, J. H Mathews, J. W. Williams, P. Bender and R. A. Alberty, Experimental 
» Tftysical Chemistry , p. 467. McGraw-Hill, New York (1956). 
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CALCULATIONS AND RESULTS* 

Titration curves. Titration curves for solutions containing rare-earth metal ions 
and r<wu-l,2-diaminocyclohexane-N,N'-tetra-acetic acid show clearly the formation 

°rr u Stab ' C 1: \ chela . tes and of protonated species of the type LnHZ 

(Z — DCTA ) but give no indication of the presence of species containing more than 
a single metal ion per chelating anion. The same observations have been reported for 
the thorium-HJDCTA system.' 15 * 

Stabilities of protonated chelates. Formation constants for the protonated chelates 
(LnHZ and HgHZ") were calculated from titration data for 1:1 mixtures of the metal 
ion with the chelating acid in the range of a — 3—4. In this region, the significant 
equilibria arc 

MHZ 0or ~ ^ MZ 1 " or + H+ (I) 


(M = Hg or Ln). Previously developed equations' 16 * were used to convert the titra¬ 
tion data to the formation constants listed in Table 1. Although the strongly acidic 
behaviour of all of these chelates renders the values only approximate, it is apparent 
that among the rare-earth metal species changing the cation is almost without effect. 
Inasmuch as the values for any particular cation are no more than very slightly tem¬ 
perature dependent, only the values at 20°C are included. 


Table 1 —Acid formation constants 
for Hg(ll)- and Ln(IU)-DCTA chelates 
at 20°C 

/t = O-KXKNO.) 



lOg/ftt 


log 

M" + 

MHZ 

M" + 

MHZ 

Hg’ + 

351 

Tb 3+ 

211 


Dy 3 ' 

2 16 

La 3 ' 

2 24 

Ho 3+ 

2 41 

Pr 3+ 

2 35 

Er* + 

2 43 

Nd ,+ 

2 22 

Tm 3+ 

2 20 

Sm 3+ 

2 18 

Yb 3+ 

2 36 

Eu* + 

2 !7 

Lu 3+ 

2 31 

Gd 3+ 

2 23 

Y 3+ 

2 18 


Dissociation constants of H 4 DCTA Values for the dissociation constants of the 
free acid, as calculated by the method of Durham and Ryskiewich, (17) are summarized 
for several temperatures in Table 2. For this calculation, necessary hydroxyl ion 
concentrations were obtained from measured p c H values as previously described. ,4) 
The dissociation constants calculated agree closely with those reported by Schwarzen- 
bach and Ackermann.' 18 * 

Standard enthalpy values, A H,° (where i refers to a particular dissociation step), 
were calculated from the third and fourth dissociation constants as before (Equation 
2, Reference 4 ). Combination of these and the standard free energy changes, A F 0 

* The notation employed here is the same as that used for comparable situations in the DTPA 
study.' 41 Continuing consultation of this reference will be helpful in following the treatment given. 

1141 R. F. Bogucki and A E. Martell, J Amer Chem Soc 80 , 4170 (1958). 

"*> G Andereoo, P. Nageli, F MUller and G Schwarzenbach, Helv Chim. Acla 42, 827 (1959). 

B. J. Durham and D P. Ryskiewich, J Amer Chem Soc 80,4812(1958). 

11,1 G. Schwarzenbach and H Ackermann, Helo Chim Acta 32, 1682 (1949) 
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Table 2.—Dissociation constants of TramA ,2,diaminocyclc>hexane- 

N,N'-TETRA-ACETIC ACID 

ft = O'l(KNOi) 


Dissociation step 

15°C 

20°C 

25°C 

30°C 

35°C 

40°C 

p*i 

pKi 

ptf, 

p*4 

— 

2- 40 

3- 55 
6-14 

11-70 

— 

— 

— 

— 

615 

11-83 

6-12 

11-58 

6-10 

11-52 

6-08 

11-43 

6-07 

11-34 


obtained from pK { values, gave the entropy changes, A S°, involved. These thermo¬ 
dynamic values are given in Table 3 (± values indicate 95 per cent confidence intervals). 
Data for ethylenediaminetetra-acetic acid, 11 ® 1 diethylenetriaminepenta-acetic acid, 14 ’ 
and diethylenetriamine (den) 30 are included for comparison. The parallels among the 
three closely related amine polycarboxylic acids are apparent. 


Table 3. —Thermodynamic functions for the dissociation of 1,2-diaminocyclohexane-N,N'- 
TETRA-ACEnc ACID, ETHYlENEDIAMlNETETItA-ACETIC ACID, DIETHYLENETRIAMINEPENTA-ACETIC ACID 

AND DIETHYL ENETRLAMINE(DEN) 


Dissociation 

step 

A E" 

(kcal/mole) 

AH° 

(kcal/mole) 

AS 0 

(e u /mole) 

t* 

/ 

CC) 

H.DCTA 






3rd 

8-35 ± 0-02 

1-34 ±0 30 

-23 51 ± M 

0-1 

25 

4th 

15-80 + 0-03 

7-35 ± 0-50 

-28 44 ± 1 7 

(KNO.) 


H.EDTA 






3rd 

8-26 

4-39 

-13-2 

0-1 

20 

4th 

13-76 

5-69 

-27 5 

(KCI) 


H,DTPA 






3rd 

5 88 ± 0-03 

1-49 ±0 70 

— 14 7 ±22 

01 

25 

4th 

11-64 ± 0-03 

4 86 i 0 70 

-22-7 ± 2-4 

(KNO,) 


5th 

14-23 ± 0-02 

5.44 + 0-42 

-29 5 ± 1-4 



den 






1st 

5 

76 

8 

01 

25 

2nd 

11 

122 

1 

(KCI) 


3rd 

13 

111 

-8 




Stability constants of chelates. The experimental cells and procedure involving the 
mercury electrode were the same as previously described. 14 ’ The g values, including 
the junction potentials E } ' and E t , were —0-8387 V at 20°C, —0-8394 V at 30°C and 
-0-8400 V at 40°C. 

The equilibrium 

HgZ 8- + Ln*+ ^ Hg*+ + LnZ- (III) 

was established in solutions obtained by mixing the species HgZ 1- , LnZ - and Ln 31 . 
For any specific determination, this equilibrium was studied by duplicate measure¬ 
ments involving each of four separate samples of the same compositional ranges as 
those used for the DTP A study. 14 ’ As before, the tendency to form mixed chelates 

J. t. TnxtnsoN and L. A. K. Staveley, /. Chem. Soe. 3613 (1958). 

<**> <3b.H. McIntyre, Jr., B. P. Block and W. C. Ferniuus, J. Amer. Chem. Soc. 81 , 529 (1959) 
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Table 4.—Values of loo X h «— and -log K m 
H = 0!(KNO0 




log* 


2000 a C 

3000°C 

39-90“C 

Hg' + 

23 59 

23-25 

22 92 

La ,+ 

7-310 

6-905 

6-443 

Pr ! * 

6-436 

6-013 

5-526 

Nd >+ 

5 972 

5 527 

5-048 

Sm* + 

5-039 

4-608 

4-127 

Eu ,+ 

4-896 

4-436 

3-959 

Gd*+ 

4-865 

4 409 

3 930 

Tb 8+ 

4 363 

3 917 

3-449 

Dy s+ 

3 949 

3 552 

3 126 

Ho* + 

37)5 

3-336 

2 986 

Er*’ 

3 391 

3 033 

2-709 

Tm ,T 

3 127 

2-849 

2-530 

Yb s+ 

2 742 

2 501 

2 280 

Lu ,+ 

2 651 

2 479 

2 219 

Y «+ 

4 246 

3 826 

3 370 


under these conditions is sufficiently small to be neglected. (16) The equilibrium con 
stant for this reaction 


[Hg 2 j[LnZ-] 
[Ln 3i 


-- KJK IU 

LnZ HrZ 


( 6 ) 


was calculated in each instance from p c H; the experimentally measured concentration 
of the Hg a+ ion; the initial concentrations of the ions Ln 3+ , HgZ 2 ~ and LnZ~; and 
stoicheiometric Equations (7)-(9) of the previous paper. 14 ' Values of K hn were then 

LnZ 

calculated as outlined there. <4) The results are summarized in Tables 4 and 5. The 
data in Table 5 are values interpolated' 21 ' to 25 C Variation of K hn with atomic 
number is shown graphically in Fig. 1. 



Fig 1 .—Variation of log K ha for tripositive cations. 

Ini 

F. B. Hildebrand, Introduction to Numerical Analysis , pp. 35-48. McGraw-Hill, New York 
(1956). 
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Thermodynamic functions. These were evaluated as previously outlined. <*' The ± 
variations indicated in Table 5 represent 95 per cent confidence intervals. The function 
AS?.„7 + Sl a , introduced by Betts and Dahlinger <4> as a measure of the partial 
molal entropy of the chelate (SI&), was evaluated as previously indicated, <2_4J using 
v al ues calculated according to Powell and Latimer .' 221 Variations of A H° n7 
and &Sla 2 , + S^ w > t b atomic number are indicated in Fig. 2 and 3, respectively. 



Fig 2 —Enthalpy values for formation of chelates. 



Fig 3 —Variation in the function + S 


DISCUSSION 

Although it might be expected that the thermodynamic functions associated with 
the loss of the third and fourth protons of H 4 DCTA would be comparable with the 
corresponding values for H 4 EDTA, the data in Table 4 indicate substantial differences 
for the fourth proton. These differences may well arise from the structural rigidity 
imposed in the case of H 4 DCTA by the cyclohexyl ring, which renders the hydrogen- 
bonded structure proposed by Sc hwarzenbach and Ackermann <18 > 


H 


N 


(CHjCOjlj 


R. E. Powell and W M Latimfr, J Clem Phys. 19. 1139(1951). 
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rather than the more usual zwitter-ion arrangement 




■N(CHjC0 8 )j 
WCHjCOj'h 


a logical way of accounting for differences in the properties of the fourth 
proton. 

The general agreement between the K Ln values obtained here and those previously 

LnZ 

reported (10) supports the validity of this experimental approach. The differences 
observed are compatible with those reported in other studies where the mercury indi¬ 
cator electrode technique has been compared with other techniques. <4!a) The variation 
in stability and the position of the yttrium chelate are comparable with what is re¬ 
ported for the EDTA system (Fig. 1). This may perhaps be expected because of 
similarities between the two reagents. However, when the log *Ln values for the 

LnZ 

lighter cations are plotted against the summation of pK 2 , pK 3 , and pK t for the acid, 
they lie ca. 1 unit below the nearly linear curves obtained for the HEDTA-, EDTA-, 
and DTPA-systems. l4) This suggests that the number of chelate rings is not the same 
with the DCTA-chelates as with the others. Although such a suggestion is incapable 
of proof in terms of stability data alone, it is not incompatible with the structural 
limitations of the ligand and the differences found in the thermodynamic functions 
associated with chelate formation. 

Although the limitations of such functions calculated from equilibrium data are 
well known, it is apparent from the values summarized in Table 5 that the entropy of 
chelation is more favorable in this system than it is in the other comparable systems 
previously studied.It is apparent also that the entropy change is primarily 
responsible for the sizeable free energy change on chelation, particularly since the 
enthalpy change is positive tn most instances and thus opposed to complex-ion 
formation. Although solution stability increases with atomic number among the 
rare-earth metal ions, with a small arrest at gadolinium, both A//£ nZ and &Sl n7 
pass through maxima at the gadolinium chelate. The same is true of the partial molal 
entropy of the chelates, as measured by AS LnZ -F ££ n . This behaviour differs from 
that characterizing any previously described related system.* 2 4 •’ 

Graphic representation of these data (Fig. 2, 3) indicates clearly that the “gado¬ 
linium break” is of some significance. In the range La-Gd, increase in entropy change 
favours stability, but increase in enthalpy change (positive) opposes it. Since solution 
stability does indeed increase, the entropy change must be a governing factor. In the 
sense that it undoubtedly reflects primarily the displacement of water molecules by the 
chelating ligand, this is reasonable. For the region Gd-Lu, it is reasonable to associate 
decrease in entropy with increasing solvation. ,24> This could result from decrease in 
themultidentate character of the ligand, followed by entry of water molecules into the 
co-ordination sphere. Inasmuch as the values of ASj IlZ 4- Sl u show no constancy 
in either region, but rather pass through a maximum at gadolinium, each of these 

E. Powell and J . L. Mackey, Inorg Chem 1, 418 (1962). 

“TA. E. Martell, Ann . N . Y . Acad Sci. 88, 284 (I960). 
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processes must be a progressive one. Again it is apparent that configurational entropy*** 
is of importance for chelates of the heavier cations, but neither the overall increase in 
solution stability with atomic number nor the position of yttrium can be completely 
rationalized in these terms, It is still impossible to do other than regard the latter as 
again the result of a fortuitous combination of contributing effects. 

Acknowledgement —Fellowship support given to T. M. H&eu by the National Council on Science 
Development, Republic of China, is gratefully acknowledged. 
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the Association of water molecules 

WITH THE EXTRACTED BENZOHYDROXAMIC 
ACID CHELATES OF URANIUM(VI) AND IRON(IIl) 

C. E. Meloan and W. W. Brandt 

Department of Chemistry, Purdue University, Lafayette, Indiana 

(Received 6 September 1960; in revised form 5 April 1962) 

Abstract—The number of molecules of water associated with the benzohydroxamic acid chelates of 
uramum(VT) and iron(III) when extracted into alcohols was determined to be 6 ± 1 and 9 ± 3 
respectively. A general relationship was established between the amount of chelate extracted by an 
alcohol and the amount of water soluble m it. 

The benzohydroxamic acid chelates of tron(III), vanadium(V) and uramum(VI) 
extract readily into aliphatic alcohols* 1 ' 8 - 31 and other polar organic compounds. The 
number of ligands per metal atom had been determined for iron* 2 ’, vanadium 18 ’ and 
uranium 11 ’ in aqueous and organic solutions. The possibility of determining the 
presence of water molecules associated with the metal chelates extracted into an 
organic layer was investigated. The results indicate that the benzohydroxamic acid 
chelates of uranium(VI) and tron(Ul) have 6 ± 1 and 9 ± 3 molecules of water 
associated with them respectively when extracted into n-decanol. 

The results also indicate a general relationship between the solubility of water in 
the alcohol and the extractibility of the hydroxamic acid chelates. However, it is 
clear that this relationship is a secondary factor in the extraction. 

Apparatus 

The Karl Fischer technic used was described by Meyers et al. l>> for a similar study The dead 
stop method for endpoint detection'* 1 was substituted. The titration vessel of Zerbon and SAm-ER 1 *' 
was modified by inverting the ball and socket joints. This allows any liquid that should happen to 
touch the joint to dram back into the flask. An automatic zeroing 10 ml microburette with gradu¬ 
ations to 002 ml was used. (Ace Glass Co ) 

Reagents 

Dry methanol. The methanol was dried by the use of a fractionating column as suggested by 
Jones 1,1 Distillation of reagent grade methanol in a 6 ft bead-packed column produced a product 
that contained 0-018 ± 0-002 per cent water 

Standard mater solution A standard solution of water in methanol was used to standardize the 
Karl Fischer reagent and to back titrate any excess Karl Fischer reagent during the water determi¬ 
nation. 

• Abstracted from a thesis submitted by C. Meloan to the graduate school of Purdue University, 
January, 1959, in partial fulfillment of the requirements for the degree of Doctor of Philosophy, 
t Present address: Kansas State University, Manhattan, Kansas. 

C. E. Meloan, P. E. Holkeboer and W. W. Brandt, Analyt. Chem 32, 791 (1960). 

1,1 W. B. Howsmon. Ph.D. Thesis, Purdue Umverstiy (1955) 

W. M. Wise and W. W, Brandt, Analyt. Chem. 27, 1392 (1955) 

141 R. J, Myers, D. E. Metzler and E. N. Swift, J. Amer. Chem. Soc. 72, 3767 (1950). 

G. Wernimont and F. J. Hopkinson, Analyt. Chem. 15,272 (1943). 

F. Zerbon Rnd L. Sattler, Industr. Engng. Chem. Analyt. Ed. 18, 138-9 (1946). 

' ,1 G. K. Jones, Paint Manuf. 15, 360-3 (1945). 
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Karl Fischer reqgent. This reagent was prepared according to the procedure described by Mitchell 
and Smith. 1,1 The pyridinium iodide for this purpose was recovered from the aqueous preparation by 
evaporation to near dryness and recrystallization.* 


System variables affecting the Karl Fischer reagent 

Stabilizer for the Karl Fischer reagent. Some of the series of titrations of water 
lasted for 6 hr. The change in water equivalent of an unstabiiized reagent was enough 
to make the results invalid. The Bloomgren and Jenner ,8) method for stabilizing the 
Karl Fischer reagent was used. When using pyridinium iodide as the stabilizer, no 
detectable change in the strength of the Karl Fischer reagent was found over a six hour 
period. 

Extractant. n-Decanol was chosen as the solvent for the extraction of the chelates 
because of all the substances tested (Table 1) this alcohol had the maximum absorb¬ 
ance for the extracted uranium benzohydroxamic acid chelate in relation to the amount 
of water soluble in it. 


Table 1.—Results of karl fischer titration and extraction 

STUDIES ON VARIOUS ALCOHOLS 


Alcohol 

A at 380 m/it 

Mg-H,0 per 5 ml 
of alcohol 

n-amyl 

2-03 

346 

n-hexyl 

2-00 

288 

n-octyl 

1 97 

201 

n-nonyl 

1-85 

178 

n-decyl 

1-85 

161 

n-hendecyl 

1-6 

144 

n-dodecyl 

006 

128 

isoamyl 

2-00 

458 

t-amyl 

2 34* 

950 

2-octyl 

1-57 

J91 

2-ethyl-n-hexyi 

cyclohexyl 

0 72 

2 1 

133 

586 

2-methyl cyclohexanol 

2-00 

337 

4-heptyl 

0-48 

152 

benzyl 

I 94 

638 

2-ethyl butyl 

1 52 

221 


* JO ml of alcolol was used rather than 5 ml and Beer’s law applied, 
t A =■ Absorbance of extracted uranium benzohydroamic acid chelate. 


Uranium chelate. The concentration of the uranium chelate solutions was limited 
to 2 X 1(F S ~8 x 10~* M in n-decanol by the sensitivity of the titration apparatus and 
the insolubility of the chelate respectively. The reagent solutions were prepared from 
aqueous stock solutions of 0 01 M uranyl acetate and 0-02 M benzohydroxamic acid. 
The proper quantities were diluted to 400 ml with distilled water. The pH was 
adjusted to 6 ± 0-1 using sodium hydroxide and a standardized Leeds and Northrup 
pH meter. The aqueous chelate was shaken 100 times with 40 ml of n-decanoi and 
placed into a constant temperature bath at 25 ± 0-l°C for 30 minutes to separate and 
come to equilibrium. The water used for chelate preparation was brought to within 


. * On one occasio^ while purifying the hydnodic acid with a few drops of hypophosphorous acid 

j$§f rather violent explosion occurred after prolonged standing of the reagents in the reaction flask. No 
v %uch explosion ever occurred when the reaction was earned out immediately. 

•TO. Mitchell and D. M. Smith, Aquametry, p. 42. Interscience, New York (1448). 

'“' Bloomgren and Jenner, Brit. 722, 483, Feb. 2 (1455). 
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2°C of the bath temperature to provide for a faster attainment of equilibrium. After 
equilibrium, the organic layer was separated and placed in a centrifuge for 1 min to 
remove suspended water droplets. 

Iron chelate. For the same reasons as with uranium, the concentration of the iron 
chelate in n-decanol was limited to the range from 2 x 10~* M to 5 x 10“* M at pH 3 
or to 2 x 10 -3 Mat pH 8. The chelate solutions were prepared in the same manner as 
uranium with two exceptions. At pH 3-5, 800 ml of aqueous chelate were prepared 
and at pH 8, 1600 ml. Because of the rapidity with which the more concentrated iron 
chelate solutions would form a precipitate after they had been extracted, it was 
necessary to titrate the most concentrated of a series first and the least concentrated 
last. 

Experimentation and results 

Solubility of water in the alcohols: The alcohols were saturated with water for 
three days at 25-0 ± 01 °C with intermittent shaking. Five millilitre aliquots of the 
alcohol were then titrated with Karl Fischer reagent. 

Interferences with the Karl Fischer titration 

It was necessary to determine if any reaction would occur between the Karl 
Fischer reagent and the various constituents of the chelate systems. 

Benzohydroxamic and. Samples of 0 0516 M benzohydroxamic acid in dry 
methanol required the same amount of Karl Fischer reagent as a corresponding 
solution of dry methanol only. 

Uranyt ion. Hydrogen iodide will not reduce uramum(VJ) to uranium(IV) in 
aqueous solutions. However, no oxidation-reduction potentials were available for the 
uranium or iodide systems in the pyndine-methanol'SO z solvent to predict whether 
reaction might occur. Uranyl nitrate hexahydrate was dissolved in dry methanol and 
titrated with Karl Fischer reagent. The results are shown in Table 2. 

Table 2 —Effect of the UO t (NO s ), 6H a O 

ON KARL FISCHER REAGENT 


Predicled values 

If only the six hydrate molecules are 
titrated 

If UO, ,+ reacts as one equivalent of 

22 0 mg 

25 6 mg 

water 

If UO s * reacts as two equivalents of 

29 3 mg 

water 

Experimental value 

Mg of water actually found in titration 

22 2 mg 

of UO.fNO,), 6H,0 


pH. The pH has to be controlled to ±0-1 pH unit for the chelate extractions* 1 - 3 ’ 
between pH 2 and 8. This range does not change the solubility of water in n-decanol 
significantly (Table 3). 

Ionic strength. The effect of ionic strength was determined by using solutions of 
sodium perchlorate (Table 4). There is a noticeable effect only above a relative ionic 
strength of 0-1, however, the chelate systems used are less than 0-05. 
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Tabu 3.—Effect of pH on 


WATER SOLUBILITY IN 
DECANOL 


pH 

Mg-H,0 per 

5 ml decanol 

1 

150-3 

2 

152-8 

3 

153-5 

4 

154-0 

5 

154-2 

6 

154-2 

7 

152 2 

8 

153-7 

9 

154-4 


Tabu 4.—Effect of ionic strength 

ON THE AMOUNT (9 WATER SOLUBLE 
IN DECANOL 


Ionic strength 

Mg HiO per 

5 ml decanol 

0-001 

158-8 

0-005 

158-0 

0-01 

157-7 

005 

158-5 

0-1 

157-8 

0-J 

151-6 

1-0 

143-8 

20 

133-2 


Tabu 5.—Water associated with 

THE URANIUM(VI>-BENZOHYDROXAM1C 
ACID CHELATE 


Concentration of 
chelate 

Mg H t O per 

5 ml decanol 


146 1 

1 x 10-* M 

146-1 


146-3 


147 2 

2 x I0-* M 

147 3 


147-2 


148 2 

3 x 10‘ M 

148-2 


148 4 


149 2 

4 x 10 » M 

149 1 


149 0 


Equilibria. Difficulty could arise if the half life of any co-ordinated water molecules 
were shorter than that of the organic-aqueous equilibrium as a whole. No water of 
co-ordination would be found. The decanol-water equilibrium is obtained in a 
matter of minutes if a very thorough shaking is performed. Tests conducted after a 
few minutes and after several hours showed no significant difference. It was assumed 
that no interference was present. 

Associated water results 

Water associated with the uranium{ Viybenzohydroxamic acid chelate. The 
solutions of different concentrations of the uranium benzohydroxamic acid chelate 
were extracted and the total water carried over into the organic phase determined 
, n (Table 5). The differences in water concentration were related to the differences in 
* chelate concentration to obtain the stoicheioimetry. It was shown that there is no 
significant effect on the determination of water from the chelation agent, the metal ion, 
pH, ionic strength or temperature. 
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! 

The average of the results indicate 1-04 mg of water for each 1 x 10"* moles 
increase in amount of chelate present in the organic layer. The predicted value for six 
molecules of water is 1-08 mg. Other experiments of this type verified these results to 
within ±1 molecule of water. 

The data in Table 5 would be significant to a 99 per cent confidence level with an 
F value of 7-59 or above. The F determined was 485. 


Table 6.—Water associated with the 

]RON(m)-BENZOHYDROXAMIC ACID CHELATE 

at pH 3 5 


Concentration 


of chelate 


(Total moles 

Mg H t O per 5 ml 

present) 

decanol 

0 5 x 10-‘ M 

156 1 


1568 


156-5 

1 25 x 10 s M 

157 5 


157-8 


157 7 

2-0 x 10 s M 

159 5 


159-4 


1594 

2 75 . 10 S M 

1604 




1604 

Water co-ordinated around the iron(III>- 

benzohydroxamic acid chelate at pH 8-0 

0 5 ,■ 10 S M 

159 6 


159 5 


158-7 

1 0 a 10 5 M 

159-4 


1592 


159 9 

1 5 x 10 s M 

1602 


1600 


159 8 

2 0 - 10 5 M 

162 3 


151 5 


Water associated with the iron(fIl}-ben:ohydroxamic acid chelate. Iron(III) forms 
two species in aqueous solution, which extract into alcohols. Howsmon** 1 has shown 
that in aqueous solution a 2 :1 chelate may exist in the organic phase in both cases. 1 *’ 
Extraction studies were therefore carried out at pH 3-5 and 8. 

The average of the results at pH 3-5 indicate 9 molecules of water for each molecule 
of chelate (Table 6). These results can be considered to be no more certain than ±3 
molecules of water due to the spread of the values obtained. Swift 1 *’ found that the 
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hydrogen iodide in Karl Fischer reagent reduced ferric ion. The chelate was not 
reduced during the titration so this correction was not necessary. 

The results at pH 8 also indicate 9 molecules of water (Table 6) although precipita¬ 
tion problems reduced the accuracy. 

The fact that both pH systems gave essentially the same results supports the 
spectrophotometric data that the same chelate is present in the organic phase in both 
cases. 

The top data of Table 6 require an F or 8-45 or above for a 99 per cent confidence 
level and give a value of 28-9. The bottom data require an F of 8-45 and give F = 19-8. 
This would indicate that statistically the results are valid. 

DISCUSSION 

The preceding results indicate that a definite quantity of water is associated with 
the uranium(VI) and iron(III) benzohydroxamic acid chelates. It was known that 
many of the solvents used contained several percent of water.' 11 ' 1 *' A companson of 
the solubility of water in an alcohol and its extractability for the complex showed that 
the best extracting agents dissolved the most water (Table 1). 

However, many irregularities occur which cannot be explained simply on the basis 
of water solubility. In general the even-numbered straight chain alcohols extract 
somewhat better than the odd-numbered alcohols with the exception of C 6 and C 12 . 
The Cjj alcohol was checked several times. In view of the fact that there is only a 
16 mg difference in water content between C n (A — 1-61) and C 12 (A = 0 06) it is hard 
to justify the large difference m extraction as being due only to water content unless a 
certain minimum amount of water must be present before extraction takes place. 

With the alcohols other than the straight chain there appears to be a rough rela¬ 
tionship between water content and extractability. There are discrepancies, however, 
in that while 2-ethyl butanol compares with n-heptanol, 2-ethyl-n-hexanol should give 
a lower absorbance than 4-heptanol but it does not. 

No consideration has been made of the possibility that the absorptivity is changed 
by the properties of the solvent and therefore a direct correlation would not be 
expected. Dielectric properties and steric factors of the organic phase must also be 
considered and while there appears to be some relationship between the water content 
and extractability it is certain that water is not the only explanation. 

Acknowledgement —The authors wish to express their appreciation for the financial support of this 
work by the Purdue Research Foundation. 
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THE INFLUENCE OF DILUENT ON THE EXTRACTION 
OF IRON(III) FROM HYDROCHLORIC ACID SOLUTIONS 
BY TERTIARY AMINES 

W. Smulek and S. Siekierski 

Department of Radiochemistry, Institute of Nuclear Research, Warsaw 9, Poland 

(Received 23 March 1962; in revised form 17 May 1962) 

Abstract—A study has been made of the extraction of lron(IH)—from hydrochloric acid solutions 
with tertiary amines in a series of diluents. From the experimentally determined extraction coeffi¬ 
cients of iron, k, and the thermodynamic activities of the amines in the organic phase, a„, the activity 
coefficients of the complex, y c , have been calculated. The effect of diluent on a„ y c and k has been 
discussed from the point of view of intermolecular interactions. 

High mplecular weight amines in organic diluents have been found to be efficient 
extractants for a wide variety of substances from aqueous solutions. The use of these 
amines for the extraction of many metals has been described in the literature. However 
there are only a few papers concerning the role of diluent in the extraction by amines. 
Coleman et al. tl) have investigated the extraction of several metals from sulphate 
solutions using a series of amines m kerosene, benzene and chloroform. He found 
that the extent of extraction can be influenced by the type of diluent. Coleman 
suggested that this influence can qualitatively be explained “if it is assumed that the 
diluent molecules associate with the amine, benzene more than kerosene, and 
chloroform more than benzene, in a way that is effectively similar to increased 
branching”. 

Maddock* 3 ' while investigating the extraction of protactinium chloride from 
hydrochloric solutions using tri-n-butylamine in a number of diluents has found a 
linear dependency between the extraction coefficient and the dielectric constant of the 
diluent in a log-log plot 

Taube' 31 has studied the effect of diluent on the extraction of plutonium, neptunium 
and uranium from sulphate and nitrate solutions using amines and other extractants. 
This author points out that the main factor influencing the extent of extraction is a 
dipole-dipole interaction between the complex extracted and the molecules of diluent. 

One of the authors* 41 has studied the mechanism of extraction of thorium and 
europium from nitrate solutions using tri-n-butylphosphate in various diluents. He 
has shown that in the extraction process the following two important factors must 
be taken into account. 

(1) The interaction of the molecules of diluent with the extractant in the organic 
phase and (2) the interaction of the molecules of diluent with the complex extracted. 
To understand the influence of diluent both these factors must be known. This 
approach may have a more general character and may be applied to the extraction by 
amines. 

Ill c. F. Coleman, K. B. Brown, J G. Moore and K. A. Allen, Proceedings of the Second Inter¬ 
national Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958 A/Conf. 15/510. United 
Nations (1958). 

A. G. G oble and A. G. Maddock, J Inorg. Nucl. Chem. 7, 94 (1958). 

M, Taube, J. Inorg. Nucl. Chem 12, 174 (1959), 

1,1 S. SlEKiERSKl, J. Inorg. Nucl. Chem. 24, 205 (1962) 
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If it is assumed that in the extraction of Fe(III) from HC1 solutions by tertiary 
amines the only extracted species is FeCl 4 ~ which associates with one amine cation to 
form an ion-pair, the following extraction reaction may be written: 

R S NHC1 (0) + Fe?+ + 4C! ( ; ) ^ R 8 NH+FeCl- Q) + Cl ( ;> ( 1 ) 

The subscripts “o” and “a” refer to the organic and aqueous phase, respectively. 
Then the equilibrium constant for this reaction is 


— -— — y^j 

a FeCl, • a R,NHCl c Fe • ^01“• a B,NHCl 

where: c c is the concentration of the complex extracted, c Fe is the total concentration 
of iron in the aqueous phase, y c is the molar activity coefficient of the complex, y. is 
the mean molar stoicheiometric activity coefficient of FeCl 3 . Although iron in the 
aqueous phase exists in many forms we can write cJc Fe = k, where k is the experi¬ 
mentally determined ratio of the radioactivity from & ®Fe in the organic phase to 
that in the aqueous phase. This ratio will be called the extraction coefficient. It is 
possible to write the above because y ± is defined as the mean molar stoicheiometric 
activity coefficient and it includes, therefore, any complexing of the iron in the aqueous 
phase. Since the composition of the latter was maintained constant in all experiments 
we can write 



^3 

ii 

* 

* 

(3) 


“R, Nil 01 

or 

fl R,N’H( 1 

1* 

(4) 


}'c 


From the latter equation it follows that the extraction coefficient of iron is a function 
of the thermodynamic activity of the amine hydrochloride in the organic phase 
and the activity coefficient of the complex in the organic phase. 

The present study was undertaken with the object of investigating the effect of the 
diluent on both these factors separately and its final effect on the extraction coefficient 
Measurements of the concentration of the amine hydrochlorides tn the aqueous 
phase offer the possiblity of determining the term <3 k ,nu( i- Having determined the 
thermodynamic activity it is possible, using Equation (4), to calculate the activity 
coefficient of the complex, provided k is known. To determine the thermodynamic 
activity of the amines their partition between 8 M hydrochloric acid and various 
diluents was measured. At equilibrium the amine salt distributes between the two 
phases so that we can write: 

R S NHCJ (0) => R s NHCI ( b) (5) 

The equilibrium constant for this process is 

K = (6) 

where a 0 and stand for the thermodynamic activity of the amine hydrochloride in 
the organic and aqueous phase, respectively. Now, since the concentration of the 
amine salt in the aqueous phase was rather small in all experiments (the initial concen¬ 
trations of the amines being within 10~ 5 -10 - ® M) we may assume that the activity 
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coefficient of the amine salt in the aqueous phase does not depend 
of the amine. Consequently we can write 


on the concentration 


K' = - 


Ca 


( 7 ) 


Further if we choose for each amine a standard state in which the thermodynamic 
activity of the amine hydrochloride is assumed to be unity, then the amine salt 
activity in a given diluent is 



where c/ denotes the concentration of the amine hydrochloride in the aqueous phase 
corresponding to the standard state, and c a the concentration of the amine hydro¬ 
chloride in the aqueous phase, in equilibrium with the organic solutions of the amine 
salt. From the latter equation it is possible to calculate the values for a 0 provided c a 
and r a ® are known. 

In the determination of c a we encountered an inherent difficulty as the concentrations 
of the amine hydrochlorides in the aqueous phase were usually so small that no 
direct method could succesfully be used for this estimation. An indirect method was 
therefore developed. First the extraction coefficient, k, was plotted as a function of the 
initial concentration of the extractant diluted with chlorobenzene. The curve 
obtained was used as a calibration curve. Such calibration curves were constructed for 
all the amines used. From these curves it is possible to determine the extractant 
concentrations in the aqueous phase provided the secondary extraction coefficient, 
k', is known. The latter was measured as follows. An organic sample containing the 
amine at a given concentration was first contacted with 8 M HC1 containing no iron. 
Part of the amine passes during equilibration to the aqueous phase. The latter is 
then separated and an aliquot of labelled iron added to make the metal concen¬ 
tration 5-3 X 10 6 M. This aqueous phase was then contacted with barren chloro¬ 
benzene, used as standard diluent in all experiments involving determination of 
the secondary extraction coefficients. After equilibration the radioactivity due 
to M Fe was assayed in both phases and the secondary extraction coefficient, k', 
determined. The values of the secondary extraction coefficient, k', were plotted as 
ordinates and the point of intersection with the calibration curve indicated on the 
abscissa the corresponding concentration of the amine in the aqueous phase, previously 
equilibrated with the organic phase. Using this technique it was possible to determine 
the concentrations of the amines in the aqueous phase after equilibration with a 
number of amine solutions in various diluents. 


Standard states for the amines 

As standard states for tribenzylamine, tri-n-hexylamine and tri-n-octylamine the 
amine hydrochlorides in equilibrium with 8 M HC1 were chosen. The concentrations 
of the salts in the equilibrium aqueous phase were - 9 - 0 x 10 -4 M, 6-6 x 10 * M and 
1-0 x 10 -4 M, respectively. 

Since the tri-n-butylamine hydrochloride is completely miscible with 8 M HC1, 
therefore, not the thermodymanic activity but only the value aJK, which is pro¬ 
portional to a<>, was determined in all experiments involving this amine. 
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EXPERIMENTAL 

Materials. All the diluents presented in Table i were purified by fractional distillation. 

A.R. hydrochloric acid and Fed, were used. 

The radio-iron used was supplied by the Radiochemical Centre, Amersham, England, as ferric 
chloride solution and had a specific activity of 100 mC/g of iron. The activity was mainly due to ‘»Fe. 

The tertiary amines used: tnbenzylamme, tri-n-butylamine, tri-n-hexylamine and tri-n-octyiamine, 
hereafter denoted as TBA, TBuA, THA, TOA, were commercial products of BDH and Schuhardt! 
Only the TOA was additionally purified by distillation under vacuum. Using methyl violet saturated 
benzene solution as indicator, 0-1 M (by weight) solutions of these amines in benzene were titrated to 
a dear blue with 01 M perchloric acid dissolved in acetic acid. The titrant was standardized by 
titration against diphenylguamdine or potassium acid phthalate. 


Table 1.—Diluents used in experiments 


Diluent 

Dielectric 

constant 

e 

Dipole 

moment 

M 

Solubility 

parameter 

a 

n-Hexane 

1 89 

0 

7-3 

n-Octane 

1 95 

0 

7-55 

n-Heptane 

1-92 

0 

7-45 

Carbon-tetrachloridc 

2 23 

0 

86 

Benzene 

2 28 

0 

9 15 

Toluene 

2 43 

0 39 

8-9 

Cyclohexane 

2 02 

0 

82 

o-Xyiene 

2 56 

0-52 

90 

Bromoform 

4 38 

099 

10-5 

Chloroform 

4-81 

1 21 

93 

Chlorobenzene 

5 71 

1 73 

95 

Ethyl iodide 

7 82 

1 93 

94 

Ethyl bromide 

941 

2 02 

89 

o-Dichlorobenzene 

9 93 

2 25 

10 0 

Nitrobenzene 

34 82 

4 23 

10-0 


From the neutralization equivalents of the amines it appears that their tertiary amine contents 
were: for TBA - 100% for TBuA - 98-4, for THA - 99 4 and for TOA - 98-7 per cent with the 
accuracy of ± 1 per cent in all cases. 

Solutions. All experiments were conducted with aqueous phases 8 M in hydrochloric acid. In all 
cases the initial concentration of iron, containing J, Fe, was 5 3 x 10 ‘ M. The iron concentration 
in the initial aqueous phase was determined spectrophotometrically Standard 0 I M solutions of the 
amines in various diluents were prepared on a weight basis and diluted as needed. Most of the 
experiments were conducted with amine solutions of concentration within 10 ‘-10 - * M. The con-, 
centrabon of HQ bonded with the amines in the organic phase was determined by titrating 0 l M 
solutions with 0-1 M NaOH using bromothymol blue as indicator. Before titration water and ethyl 
alcohol were added to the organic phase. From the results obtained it follows that the amines exist in 
the organic phase exclusively as amine hydrochlorides 

Procedure. A11 operations were earned out in glass separatory funnels In most of the experiments 
6 ml of each phase were equilibrated by shaking for 10 min. As test experiments have shown equilibra¬ 
tion was complete in all cases in 4-5 min. Since change of temperature has only a small effect on the 
extraction coefficient no precautions were taken to thermostat the system. The laboratory temperature 
varied between 18 and 22°C. Separation of the phases after equilibration was generally good, only 
occasionally it was completed by centrifugation. No pre-equilibration with acid was found necessary 
when the usual amine concentrations (lO-’-iO-* M) were employed. If the concentration of amine 
exceeded 10~* M the organic phase was initially prc-cquiiibratcd with hydrochloric acid 
Measurements. Four ml samples from each phase were used for measurements. The aliquots were 
placed in polythene of glass cups and the y activity measured using an "Ekco” type scintillation 
counter (thalium activated Nal crystal) The extraction coefficient of the iron was defined as the 
ratio of the concentrations of iron measured as activity per unit volumes, in the organic and the 
aqueous phases. 

k'. 
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Accurac y tout p recision, in the extraction experiments the mates! source of error was in the 
analytical procedures. The estimated error in extraction coefficients does not exceed i3*5 per 
cent, in tfoc raodyn amic activities does not exceed ~10 per cent, in amine distribution coefficient and 
in activity coefficient of the complex does not exceed *~20 per cent. 

RESULTS AND DISCUSSION 
1. The effect of metal concentration 

The effect of metal concentration in the aqueous phase on the extraction coefficient 
by tribenzylamine in benzene is shown in Fig. 1. It follows from this figure that the 



Fig. 1.-Extraction cocffic.enU, for»Fc by 5 * 10 1 M tribenzylamine in benzene, for 
an aqueous phase 83 Mm hydrochloric acid. 

extraction coefficient of iron is independent of the metal concentration when the 
latter is below I<H M. Therefore in all experiments an iron concentration ol 5-3 X 

10 -5 M was used. 


2. The extraction coefficients 

In Tables 2 3 4 and 5 the extraction coefficient, k, is presented as a function of the 
initial concentration of the amines in a number of diluents. 

Tables that in all the diluents the extracts coeffic.ent increases ^ 

carbon chain of the amine. Very low extraction was observed when the ammes were 
diluted with chloroform or bromoform. This observation ^Westo 
this Laboratory**' on the extraction of thorium and europium by tn-n-butylphosphate 
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Diluents 
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in CHClg or CftBr,, and those of Good and Bryan ,S) on the extraction of Co(II) 
with amines. Another peculiarity was the fact that neither TBA nor TBuA extracts 
iron (k < 0-001) when diluted with such aliphatic hydrocarbons as n-heptane or 
cyclohexane. Under the same conditions, however, THA or, in particular, TOA 
extracts iron fairly well. The lack of the extraction of iron(III) by TBA in cyclohexane 
was observed earlier by Maddock and Smuiek (#) while concerned with the extraction 
of iron(lII) and gold(III) from hydrochloric acid solutions with tribenzylamine in a 
number of diluents. There must be a qualitative change in the properties of the 
complex extracted connected with the length of the carbon chain. The behaviour of 
TBA or TBuA in carbon tetrachloride is worthy of notice. The properties of this 
diluent resemble those of the aliphatic hydrocarbons but the extraction by these 
amities in CCI 4 is considerably better than into the aliphatic hydrocarbons. It seems 
that the polarizability of CC1 4 may very likely account for this phenomenon. 

3. Distribution and thermodynamic activities of the amine hydrochlorides 

Distribution of the amine hydrochlorides between the two phases was determined 
by means of the secondary extraction coefficient technique. The amine concentration 
found in the aqueous phase was subtracted from the initial concentration and the 
extraction coefficient c 0 jc A was calculated. The results for the highest amine con¬ 
centration employed are presented in Table 6. It follows from these data that the extrac¬ 
tion coefficient of the amine increases with the length of the carbon chain of the amine. 
One of the most important factors for such a behaviour is the increase in the work 
needed to create a hole in the aqueous phase. This work should increase with the 
length of the carbon chain of the amine. It may be added that the data for the lower 
amine concentrations do not differ much from those given in Table 6. The highest 
extraction coefficients for all the amines are shown by chloroform and bromoform, the 
lowest by the aliphatic hydrocarbons. After equilibration with TBuA nearly all the 
amine was found to be present in the aqueous phase, except with chloroform. From the 
measured concentration of the amine hydrochloride in the aqueous phase its activity in 
the organic phase was calculated, using Equation (8). The results are presented for 
TBA and THA in Figs. 2 and 3, for TBuA and TOA m Table 7. As the solubility of 
TOA in the aqueous phase is very small only the amine concentration of 10~* M was 
employed to determine its activity. On the basis of the above data the following 
conclusions can be drawn. 

(1) The activity of tri-n-butylamine hydrochloride does not depend on the diluent. 
It seems that a higher solubility of this amine in the aqueous phase may very likely 
account for this behaviour. 

(2) The activities of TBA-, THA- and TOA-hydrochlorides depend on the 
diluent. This dependency is more pronounced in the case of THA, than for tn- 
benzylamine and TOA (Tables 2-5). Especially noteworthy are the differences in the 
activities for THA and TOA in the aromatic and aliphatic hydrocarbons. Generally, 
it can be said that the activities for all the amines decrease with increase m such 
physical parameters as the dielectric constant, dipole moment and solubility parameter 
of the diluent. 

•»’ M. L. Good and S. E. Bryan, J. Inorg, Nuci. Chem 20,140 (1961). 

<•' A. Q. Maddock sad W. Smuuk. Unpublished rendu. 



Table 6. —Distribution coefficients for the amines between the organic phase and 8 M HQ 

Diluents 
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Cor ben fflrecMoriO* 



Fig. 2.—Relation between the tnbenzylamine activity, a, and the concentration of the 
amine in the organic phase. Aqueous phase tn all experiments, except where otherwise 
indicated, was maintained constant, Fe-5 3 X 10“* M, 8-0 M HC1 


n- H*ptoo* 



Fio. 3 —Relation between the tri-n-hexylamine activity, a, and the concentration of the 
amine in the organic phase. 
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(3) The activities of TBA-, THA- and TOA-hydrochlorides diluted with chloro¬ 
form or bromoform were found to be remarkably lower in comparison with the other 
diluents. Since none of the physical parameters seems to account for this phenomenon 
the only reasonable assumption would be hydrogen bonding between the amine 
nitrogen and the acidic hydrogen in chloroform or bromoform. Similar assumptions 
were earlier advanced' 41 with respect to the low TBP activity in these solvents, and 
recently by Good and Bryan in a study on the extraction of Co(II) from hydro¬ 
chloric solutions by long chain alkyl amines, The hydrogen bonding in the latter 
study has, to some extent, been confirmed by an infra-red examination. The existence 
of hydrogen bonding between chloroform' 5 * and the amine nitrogen seems to be 
understandable. However, as experiments have shown, the amine in the organic 
phase, at equilibrium with 8 M HC1, exists there as the salt: R 3 NHC1. Thus it is 
obvious that the amine nitrogen is occupied by the molecule of HC1 and no direct 
bond between the chloroform hydrogen and the amine nitrogen could be possible. 
If hydrogen bonding, in the case of haloforms, is still postulated it would be necessary 
to assume that this hydrogen bond is formed through the chlorine' 71 atom. The 
species formed might be represented by R S NHC1... HCC1 S . This hypothesis deserves 
further study. 

In Figs. 2, 3 the activities of tri-n-hexylamine hydrochlorides and tnbenzylamine 
hydrochlorides are plotted as a function of the initial amine concentration in the 
organic phase. The data for TBuA are not given because the activity of the amine 
hydrochloride depends only insignificantly on the diluent, except for chloroform. 
A number of superimposed curves of slope equal to 10 would be obtained in that 
case. From the slopes of the curves in Figs. 2, 3, a conclusion may be drawn as to the 
relation between the activity of the amine salts and their concentration. The slopes 
in the case of TBA, TBuA, THA and very probable, of TOA are close to 10. The 
latter value may mean that the activity is proportional to the concentration and that 
there is no dissociation or association of the amine hydrochloride in the organic 
phase. In the literature concerned with extraction by amines it is commonly supposed 
that the activity of amines in the organic phase is constant. This opinion seems to 
be true only for higher concentrations of amines (~ 0-1 M), but not for those employed 
in the present study. An experiment made by the authors with THA in benzene at 
concentrations ranging between 10~ 3 M and 10~‘ M lends support to this suggestion. 

4. The effect of diluent on the activity coefficient, y c 

The value of y 0 can be calculated from Equation (4) on the assumption that 
j c = 1 in the undiluted amine hydrochloride at equilibrium with 8 M hydrochloride 
acid. So defined y c comprises the interaction with the diluent and the difference in 
the interaction of the complex with the undiluted and diluted amine hydrochloride. 
The activity coefficient was calculated assuming that one FeCl^ anion associates with 
only one amine cation (Equation 1). If this is true y c should be independent of the 
amine concentrations, at least at low concentrations. To examine this point the activity 
coefficient, / c , was plotted as a function of the initial organic amine concentration 
(Figs, 4, 5, 6). It follows from these figures that in the range of small amine con¬ 
centrations y c is approximately constant, but it decreases with increasing amine 

o. C. Pimental and A. L. Me Clellan, The Hydrogen Bond. Freeman, San Francisco and London 

(I960). 
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concentrations. This decrease may by explained by the complex-ami nehydrochloddc. 
interaction. However, from these data it is difficult to decide whether this interaction 
leads to the formation of a well defined and stable compound containing more than 
one amine cation for one FeCl<- to result in e.g. R 3 NHFeCl*.R 8 NHCl, or whether this 
deviation arises only from the interaction between the complex and the amine hydro¬ 
chloride which does not lead to the formation of any particular compound. Neverthe¬ 
less it follows from Figs. 4,5,6, that owing to the constancy of y c at small amine concen¬ 
tration, the 1:1 complex may be postulated in this range. 



Fio 6 —Relation between the activity coefficient. y t , for tri-n-hexylamine, and the 
amine concentration in the organic phase. 


The results obtained show that with all the amines used the diluent has a strong 
effect on the activity coefficient of the complex. To illustrate this point plots have 
been drawn of log v against the dipole moment (TBA and TBuA, Figs, an ) or 
ffie solubility parameter of the diluent (TH A, Fig. 9). It is believed that similar behaviour 
at Fig 9 also occurs in the case of TOA. The* for TOA were not calculated because 
the extraction coefficients of this amine were too high, at the appropriate amine 

with THA Especially noteworthy are the differences in k with TH A and TOA m the 

aromatic a'nda'i^aticdiluents^^Wi^THA fiTfcoth'serieTof thriiitaents 

practi'caliy'the'Lme'or even higher in the aliphatic diluents. On the other hand the 
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thermodynamic activity of TO A-hydrochioride is less dependent on the diluent than in 
the case of THA-hydrochloride. Thus the activity coefficient, y c , similarly as with 
THA, is dependent on the diluent, but to a lesser degree than with THA. This is 
very probably connected with the length of the carbon chain of the amine. 

From the Figs. 7 and 8 it could be concluded that in the case of TBA and TBuA a 
dipole-dipole interaction, between the complex and diluent, may play a dominant role 
whereas in the long chain alkyl amine, THA, and probably in the case of TOA, 
dispersion forces seem to be the factor of primary importance. 



M 

Fig. 7.—Activity coefficient, y c . for the tribenzylamine-complex, for a constant amine 
concentration in the organic phase, 10"' M, as a function of the dipole moment of the 
pure bulk diluent. The point referring to benzene was obtained by extrapolation 


5. k as a function of the diluent 

From the two variable factors on which the extraction coefficient depends (Equa¬ 
tion 4) the amine hydrochloride activity, a 0 , was determined from its solubility in the 
aqueous phase and the activity coefficient,^,, was determined from the known a 0 , 
and the value k. If it is assumed that the reasoning which led to the derivation of 
Equation (4) is correct, it may still be assumed that y c , determined directly from 
other experiments would be equal to that calculated in the present study. Now, 
bearing the above in mind, the effect of both these factors, a and y c , on the extraction 
coefficient can be discussed. 
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In the case of THA and TOA both factors depend in a similar manner on the 
physical properties of the diluent (both decrease with increasing solubility parameter). 
Since k is directly proportional to the amine activity and inversely to y c , therefore 
k is much less dependent on the diluent, particularly when the aromatic and aliphatic 
diluents are considered. 

In the case of TBuA and TBA the activity coefficient of the polar complex depends 
very strongly on the diluent. On the other hand the amine salt activity of TBA depends 
only slightly on the diluent, whereas that of TBuA is roughly independent of the diluent. 



Fio. 8.—Activity coefficient, y». for the tri-n-butylamine complex for a constant 
amine concentration in the organic phase, 2 5 x 10 4 M, as a function of the 
ffipole moment of the pure bulk diluent The point referring to benzene was obtained 
r by extrapolation 


Thus no compensation could be expected, like in the previous case, and as a result, the 
extraction coefficient is very dependent on the diluent. In the extraction by TBA and 
TBuA the more important factor is the interaction of the complex with the diluent 
whereas for THA and TOA both the interaction of the amine and the complex with 
the diluent contribute roughly equally to the final effect. This explains the fairly good 
extraction into aliphatic hydrocarbons in the case of THA and TOA and the lack of 
extraction of the TBA or TBuA complexes into these diluent. Ifwe take 

that there exists a specific and strong .nteraction between ch] ° To{ ?]^2 r ^ R Z^s 
,.e„ hydrogen bonding, the remarkably low extraction into chloroform solutions 

of TBA THA and TOA may easily be explained. The strong interaction between the 
Hi be compensated for by a simtlar strong ...eraCron 
between the complex and CHC1 S , since the latter behaves, with respect to the complex. 
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Fig. 9. —Activity coefficient, y c , for the tri-n-hexylaminecomplex, fora constant amine 
concentration m the organic phase, 10 * M, as a function of the solubility parameter of 

the pure bulk diluent. 

“normally”, as indicated by its physical parameters (e.g. the dipole moment, dielectric 
constant and solubility parameter). 

This study shows the value of investigating the role of diluents in extraction 
processes by considering the activity of the extraction and the activity coefficient of the 
complex. Further studies in this held are in progress. 
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TO SmT 0 AKT™<? determination OF BASICITY 
CONSTANTS IN ANHYDROUS FORMIC ACID* 

~ L p °Povt and J. C. Marshall 
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H^d^rmvnmlion h of the^^ti've^bas'iafv^onstan^ 2 ^^ 011 anh y drous form > c was used for 

serving as the reference electrode ,h» ! r f ^ tS ?. f sevc r ral ver y weak bases. With one half-cell 
the formate ion concemrauon Th^px ' valuK werfoh^ “’J* a h " ear u functlon of the >°? oT 


Anhydrous formic acid has been used by several investigators as a non-aqueous 
solvent for the study of acid-base equilibria. 11 - 5 * While in all of these reports the 
authors have demonstrated, to varying degrees that the formic acid media does indeed 
enhance the strength of very weak bases, to our knowledge there are only two-reports 
in the literature 13,4 * dealing with the measurements of bdsicity constants in this solvent. 
Yet, because of the strong protogenic character of formic acid it is to be expected that 
it will considerably enhance the strength of weak bases. 

Hammett and Deyrup 13 ’, using the indicator method were able to determine the 
P^iKHcooH) va,uesfor P ro P ionitrile . ac etamidc and water,as well as the pAr n(HCQOn) value 
for the bisulphate ion. More recently Shkodjn ef al. w reported the potentiometric 
determination of the pA WUC00U) values for a number of basic compounds. However, 
careful study of their procedure would seem to indicate that the significance of the 
results they obtained may be quite debatable. The values reported by these authors 
are given in Table 1. 


Table 1 — pXb<n(oon> values for several weak bases according to 
Shkodin el a ! 141 


Base 

P^b(UCOOH) 

Base 

pKb(IICOOII) 

Diethyl Amine 

0 74 

Benzidine 

0 75 

Codeine 

0 81 

Aniline 

0 44 

Morphine 

0 84 

fLNaphthyiamine 

0-58 

Urea 

1 25 

a-Naphthylamme 

0 88 

Sodium Formate 

0 63 

Glycocoll 

0 58 

Pyridine 

0 45 

Caffeine 

0 78 



Theobromine 

0 69 


• Abstracted in part from the Ph D thesis of J. C Marshall, State University of Iowa (1960). 
t Present address: Department of Chemistry, Michigan State University, East Lansing, Michigan. 
111 L P. Hammett and N. Dietz, J. Amer. Chem. Soc. 52, 4795 (1930). 

1,1 O. Tomicek and P. Vidner, Chem. Listy, 47, 516 (1953). 

L. P. Hammett and A. J. Deyrup, J. Amer. Chem. Soi. 54, 2721,4239 (1932). 

141 A. M. Shkodin, N. A. Izmailov and N. P. Dzyuba, Zhur. Obshchei Khimn 20,1999 (1950); Zhur. 
Anal. Khimti 6, 273 (1951). 

141 A. I. Popov and J. C. Marshall, J. Inorg. Nud Chem 19, 340 (1961). 
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An examination of the results given in Table 1 reveals the surprising fact that two 
compounds (pyridine and aniline) are significantly stronger bases than sodium formate. 
This result is rather surprising since it would be expected that formic acid being 
a “levelling” solvent would reduce all strong proton acceptors to the basic strength of the 
formate ion. The only other explanation would be that sodium formate is incompletely 
dissociated in formic acid, but this is contrary to the conductivity data on sodium 
formate in formic acid published by Schlesinger and Martin 16 ' and to the indicator 
studies of Hammett and Deyrup.'*' Schlesinger and Martin report that sodium 
formate undergoes essentially complete dissociation in formic acid solution as concen¬ 
trated as 0 \M (the concentration used by Shkodin et al.). The data of Hammett and 
Deyrup show that both aniline and sodium formate behave as strong bases in formic 
acid solutions and, in fact, find that solutions of aniline and sodium formate of the same 
concentration are of exactly the same basic strength. 

Careful analysis of the method used to arrive at the values given in Table 1 seems to 
indicate the reason for the above discrepancies. AH of the results obtained in that 
study are based on an equation originally proposed by Roller' 7 ' which deals with the 
estimation of titration errors calculated from a known degree of uncertainty inherent in 
the measuring system. This equation is given below. 

£ -W(^) stahA 

Here E is the per cent error in titration, K , is the dissociation constant of the solvent 
K b the basicity constant of the base whose concentration in moles per litres is C b and A 
is the predetermined error, expressed in millivolts, of the potentiometric measuring 
apparatus. However, the above authors' 4 ’ have applied Equation (1) in a somewhat 
different way. They first assume that an error of 1 per cent exists in their titrations, 
regardless of the strength of the base titrated, and substitute this value into Equation(l). 

Then they determine A by assuming that it is equal to the potential change on the 
titration curve corresponding to an error of 1 per cent. Using the known values for 
Kf and C„ they then calculate K b . This would seem to violate both the intent and the 
meaning of Equation (1), since E in this equation represents a determinate error fixed 
by the predetermined uncertainty of the measuring system and whose magnitude 
depends on, among other things, the relative strengths of the acid and base involved m 
the titration. To make the assumption that this value is constant and then to use 
Equation (1) to calculate basicity constants would seem to be in error. 

Another point worthy of mention is that the form of Equation (1) presumes the 
titration of a weak base with a strong acid. However, Shkodin ct al. in a later paper 18 ' 
report the pA' l(H(;00H) for/?-toluene sulphonic acid (which was used by these authors as 
the titrant) to be either 0-34 or 0-73.* In either case most of the titrations involved 
reagents of approximately equivalent strength. 

In view of the apparent lack of accurate potentiometric data on the strength of 
bases in anhydrous formic acid we thought it of interest to establish some empirical 
basis for such measurements. Also, in connection with some other studies in this 

* Respective results With qumhydrone and glass indicator electrodes i 

*•* H. I. Schlesinger and A. W. Martin, J. Amtr. Chem. Soc. 36, 1589 (1914). 

1,1 P. S. Roller, J. Amer. Chem. Soc. 54, 3485 (1932). 

A. M. Shkodin, N. A. Izmailov and N. P. Dzyuba, Zhur. Obshchei Khim. 23, 27 (1953). 
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laboratory on the physiochemical properties of a series of substituted metrazoles and 
tetrazoles, the investigation of their pAT h(HCOOH) values appeared to be of great interest. 

EXPERIMENTAL 

Formic acid, 98 per cent, obtained from Eastman Kodak, was carefully purified and handled in a 
closed system under an inert atmosphere. The apparatus used in this investigation as well as the 
purification and the operating procedures have been previously described 141 Because of the limited 
stability of the solvent it was always freshly distilled just prior to use. The details concerning the 
purification of other compounds used in this investigation are given in Table 2. 

The pA" 6 values reported here arc based on the measurement and the interpretation of the e.m.f. 
generated by the following electrochemical cell. 

/ Sodium formate (0 25 M) / /Base B (A M) / 

Pt / Quinhydrone (0 05 M) / / Quinhydrone (0 05 M) / Pt (2) 

' (Formic acid) ' ' (Formic acid) ' 


Table 2 


Compound 

Supplier 

Grade 

Purification 

m p. (uncorr) 
obs/reported (°Q 

Sodium formate 

J. T Baker 

Anal Reagt. 

Recryst. 3 times from 
conductivity water 


Caffeine 

Eastman 

Kodak 

White label 

Recryst. 2 times from 
abs. ethanol 

232-35/235-37 

Theobromine 

Eastman 

Kodak 

White label 

Recryst. 2 times from 
conductivity water 

333-34/337 

Strychnine 

Merck 


Recryst. as hydro- 
chloride-Neut 
with NH, 

267-68/268 

Sodium sulphate 

Mallmckrodt 

Anal. Reagt. 

Not purified 


Urea 

J. T Baker 


Not purified 


Metrazole (Penta- 
methylene tetra- 
zole) 

Knoll Pharm 
Co. 


Recryst 2 times from 
ether 

60-61/61 

Substituted metra¬ 
zoles and letra- 
zolcs 

Knoll Pharm 
Co 


Not purified* 


Quinhydrone 

Eastman 

Kodak 

White label 

Not purified f 



* These compounds were in such short supply that they could not be purified, 
t Previous experiences 111 indicated that the product was of good quality and that purification 
seemed to have a negligible effect on the behavior of this compound tn formic acid solutions. 


The stability of the sodium formate reference electrode (SFR.E) in formic acid has been previously 
investigated 14 -*' and its performance was found to be entirely satisfactory 

The above cell was established in a closed system under inert atmosphere and the liquid junction 
between the two half cells was realized through an asbestos fibre sealed into the side arm of the 
reference electrode. Contamination of the sample solution by the flow of the junction was found to 
be neghgit^e 141 In all measurements bright platinum foil served as the electrode proper. The basicity 
constants of various bases were determined by preparing a solution of known concentration of the 

'•» T. A. Pinfold and F. Sebba, J. Amer Chem. Soc. 78, 2095, 5193 (1956). 
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base in the sample cell and determining the ejn .f. All the bases studied, with the exception of water, 
were solids. Solid samples along with an appropriate amount of quinhydrone were weighed into the 
sample cell and dissolved in a weighed amount of formic acid, water was measured volumetrically 
and added to a formic acid solution of sodium formate of known concentration. The change in 
e.m.f. of the cell due to the addition of a known amount of water was interpreted in terms of the base 
strength of water. More complete details about the above operations have been given elsewhere.'” 

All measurements of cell potentials were made with a Leeds and Northrup type K-2 potentiometer 
accurate to ±01 mV. A recently standardized Weston cell of the low resistance type served as a 
primary standard. Measurements were made at ambient room temperature of 25 rk 2 s . 


RESULTS AND DISCUSSION 


The quantitative evaluation of base strengths using the electrolytic cell described 
above requires an assurance that in formic acid solution the quinhydrone electrode 
actually functions as a hydrogen ion indicator electrode. The potential of the concen¬ 
tration cell is given by Equation (3) where the subscripts S and R refer to the sample 
and reference cell respectively and E i is the junction potential, 

£ ceI1 = £ R - = -0 0591 log ^ -j E, (3) 

A series of sample solutions were prepared containing varying amounts of sodium 
formate. This gave liquid junction of the “first kind”, which may be estimated from 
the following expression. (10) 

E t ~[\ — y.W]0 0591 log — (4) 

'~s 


Here y is the number of ions per molecule of electrolyte, N is the transference 
number of the ion of the electrolyte involved in the electrode reaction and Cr and C s 
are the respective concentrations of the electrolyte in the reference and sample cells. 
The value of N for the formate ion may be taken as 0-774. (lu Equation (4) may be 
substituted into Equation (3) giving the following simplified expression for the depend¬ 
ence of cell e.m.f. on the relative concentrations of sodium formate in the sample and 
reference cells. 


"'cell 


0 0271 log = 0-0271 


log 


(HCOQ-)ft 

(HCOO~) s 


(5) 


Therefore, when (HCOO~) s is varied and (HCOO - ) fi is held constant: 


/ ;) ) 

\ d(pHCOO - )/ ( hcoo-)*,k, 


= -f 0-027 


( 6 ) 


Implicit in the result of Equation (6) are the assumptions that quinhydrone does act 
as a hydrogen indicator electrode in formic acid, that sodium formate is a strong and 
completely dissociated base and finally that activity coefficients maybe neglected. 
Equation (6) predicts that the plot of the e.m.f. values resulting between the SFRE and 
a series of sample solutions containing various amounts of sodium formate vs. 
p(HCOO~) in the sample solution, would yield a straight line of slope 0-027. 

Experimental resets are shown in Fig. 1. The experimental slope of 0-029 is in 
satisfactory agreement with the predicted slope. The concentration of the sample 
solution was kept low to avoid, as much as possible, the influence of activity coefficients. 

«»•> J. J. Lingane, EUctroanalytical Chemistry , p. 43. Intericience, New York (1953). 

,ul H. I. Scblestnger and E. N. Buntino, J. Amer. Chem. Soe. 41, 1934 (1919). 
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emf, mV 

Fia. 1.—Calibration curve for the formate ion concentration in the concentration cell. 


Base strengths may then be evaluated directly from potentiometric data in the 
following way. In general, if a base B is dissolved in formic acid the highly acidic 
nature of the media tends to favor the following reaction: 

B -f HCOOH — BH+ + HCOO- (7) 

The basicity constant, K„, is given in terms of the following equilibrium concen¬ 
trations: 

„ (BH + )(HCOO - ) 


The relationship between the cell potential and equilibrium formate ion concen¬ 
tration, consistent with the electrode system used, is shown in Fig. 1. If a known 
amount of a base is added to the sample cell so that the cell potential resulting from the 
combination of this cell with the SFRE is within the range of Fig. 1, the equilibrium 
formate ion concentration may be determined directly. This quantity along with the 
ion product if the solvent, K ,, and the analytical concentration of the base, B t , may 
be used to calculate K b : 


(HCOO ) 8 - K { 

B t = (HCOO - ) + KJ{RCOO-) 


P) 


In view of the fact that most bases are relatively strong in formic acid, Equation (9) 
can, in general, be simplified to yield: 


K (HCOO) 8 
B t - (HCOO - ) 


(10) 
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The experimental data found for several bases and K h values calculated from Equation 
(10) are given in Table 3. 


Table 3.—The p Kb values of some weak bases in anhydrous formic acid 


Compound 

pJCb 

(This work) 

pJCb av. 

pffn (ref. 4) 

pffb (ref 3). 

Caffeine 

0-56, 0-58, 0-53 

055 

0 78 


Theobromine 

1-22, 1-20, 1-23 

1 22 

0-69 


Urea 

1-72, 1-78, 1-76 

1-75 

1-25 


Sodium sulphate 

Strychnine 

1-90, 1-95 

1-92 


1-72* 

Metrazolc 

2-02, 2-04 

2-03 



8-Tertiaiybutyl Metrazolc 

2-08 




8-Isobutyl Metrazole 

207 




7-Methyl-8-isopropyI Metrazole 

2 27 




7-Methyl Metrazole 

2-07 




8-Isopentyl Metrazolc 

218 




1 -Cyclohexyl-5-ethyI Tetrazole 

1 98 




1-Isobutyl-5-methyl Tetrazole 

2 18 




1-Cyclohexyl- 5-methyl Tetrazole 

1 89 




1 -Methyl-5-cycIohexyl Tetrazole 

2-24 




Water 

(3-9)t 



4 77 


* Assuming that sulphuric acid behaves as a strong monoprotic acid in formic acid solutions and 
taking sulphate ion as conjugate base of acid HS0 4 ~ for which these authors give pX» = 4-70. 
t Very approximate value. 


The validity of the K t value presented in Table 2 rests on the assumption that the 
junction potential remains constant when the protonated base BH + is substituted for 
the sodium ion, which is the cation present in the measurements used to establish the 
callibration curve shown in Fig. 1. This amounts to assuming that the ionic mobility 
of all positive ions is the same in this solvent. In general, it appears that the literature 
tends to support this assumption. Schlesinger et report the limiting conduc¬ 

tivities of sodium, potassium and phenylammonium ions to be 14-6,17-5 and 13-9 mho 
cm* respectively. Lance 0 *’ reports the limiting conductivity of tetramethylammonium 
ion as 17-4 mho cm*. Taking the phenylammonium ion tomostclosely approximated 
size of the cationic species encountered in this work, sodium rather than potassium 
formate was used to determine the callibration curve given in Fig. 1. The contention 
that the junction potential should remain fairly constant regardless of thebaseexamined 
would then appear to be reasonable. 

Table 3 gives a summary of the pA^ values found and such data as are found in the 
literature for comparison. There is very poor agreement between the values presented 
in this paper and those reported by SHKODiNandhisco-workers.' 4 ’ Fairagreementexists 
between the value obtained for the basicity of sulphate ion and the value calculated 

'**’ H. I. Schlesinger and R. D. Mulunix, J. Amer. Chtm. Soc. 41,72 (1919). 

H J. Lange, Z. Pkyitk. Chem. A 1»7, 27 (1940). 
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from the data of Hammett and Deyrup.'* 1 This is particularly significant because the 
above authors used an indicator method and this allows some comparison of the two 
independent methods. 

The pK b value obtained for water is only in very approximate agreement with the 
value found by Hammett and Deyrup. Because of the very slight base strength of 
water in formic acid, solutions had to be made as high as 1*5M in water to appreciably 
increase the formate ion concentration. The effect of such high water concentration 
on both the properties of the solvent and the junction potential is most difficult to 
assess. In the case of a base as weak as water the methods of Hammett and Deyrup 
would seem to be more reliable, 

Strychnine is apparently completely dissociated as a base in the formic acid media. 
Solutions of strychnine in formic acid indicated equilibrium formate ion concen¬ 
trations exactly coinciding with the analytical concentration of the base. 

To make comparisons of relative base strengths in a non-aqueous solvent to those 
found in water would seem to have little meaning if the structures of the molecules 
differ greatly. However, in the case of caffeine and theobromine, where the two com¬ 
pounds have very similar structures, such a comparison should be at least of some 
interest. While both caffeine and theobromine are very weakly basic in water, caffeine 
= 41 X 10-w) is a somewhat stronger base than theobromine (J^h.o) — 1*3 
X 10 14 ). This same order is found in formic acid. 

Strychnine, which is by far the strongest base in aqueous solution (AT WHi0) = 10 T ) of 
all bases examined, was the strongest base examined in formic acid. The fact that both 
sodium sulfate and urea are relatively, so weakly basic is somewhat difficult to inter¬ 
pret. The base strengths of the metrazoles and tetrazoles studied have not been deter¬ 
mined in water although metrazole itself is known to be weakly basic m glacial acetic 
acid.' 1 ** 

It is difficult to estimate the absolute uncertainty in the p/C b values reported. The 
multiple values shown on Table 3 for caffeine, theobromine, metrazole, urea and 
sodium sulphate give an indication of the range of experimental error. The absolute 
uncertainty is, of course, dependent on the validity of the entire treatment. 

The p/f b values for the substituted metrazoles and tetrazoles are based on a single 
measurement. This was necessary because of the limited amounts of these compounds 
which were available to us. While extreme care was used in making these measure¬ 
ments it must certainly be noted that the potential uncertainty is greater in these values 
than in cases where multiple determinations were possible. 

Metrazole and several substituted metrazoles and tetrazoles were examined within 
the framework of a long standing investigation seeking to relate chemical properties 
and physiological activities. These compounds are of interest clinically as convulsants. 
While it is perhaps naive to assume that the base strength of these compounds in 
formic acid would be directly related to physiological activity, the formic acid media 
does allow a differentiation of the proton accepting tendencies of these compounds. 
The possibility then exists that base strength in formic acid could be in some way related 
to physiological activity. While it is perhaps of significance to note that the most 
physiologically active compound tested' 14 ’ l-cyclohexyI-5-methyltetrazole, is the most 
basic and the most inactive of these compounds, l-methyl-5-cyclohexyltetrazole is the 


'“'A. I. Popov and R. D. Holm, J. Amer. Chem. Soc. 81, 3250 (1959). 

1111 E. O. Gross and R M. Featherstone, J. Pharmac Expert. Therop. 87, ai 


(1946). 
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least basic, some inversion of the order does exist with compounds of intermediate 
activity. The overall correlation, while it is certainly not clear-cut, may be significant. 
The authors feel that a great deal more work on a much larger number of compounds 
would be required before a more quantitative interpretation of these results can be 
offered. 
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ELECTRODEPOSITION OF PLUTONIUM AND 
URANIUM FROM MOLTEN SALT SOLUTIONS 
OF DI-CHLORIDES* 


M. B. Brodsky and B. G. F. CarlesonI 
Argonne National Laboratory, Argonne, Illinois 

Abstract—The usefulness of molten salt solutions of Cs,PuCl, and Cs,UCl, for plutonium and ura¬ 
nium electrolyses has been investigated. Plutonium and uranium metal have been recovered from 
solutions without the use of soluble anodes. Up to 66 per cent of the Pu dissolved in salt solutions 
has been recovered with Ta cathodes. No net Pu was recovered from solution when Pu cathodes were 
used because of the reoxidation of the deposit by dissolved chlorine. Uranium metal was deposited 
on molten lead and solid molybdenum cathodes with high yields. The decomposition potentials for 
Pu(III)-Pu(0) and U(II1)-U(0) were found to be in agreement with previous results for solutions of 
PuCl, and UC1,. 


Studies of the electrolysis of plutonium in molten salt solutions have been concerned, 
thus far, with the electrorefining of impure metal. 0 " 41 In those experiments, impure 
Pu anodes were electrolyttcally dissolved in the salt and purified metal was deposited 
on the cathodes. Solutions of PuF 4 "- 2 ' and PuCl 3 ‘ s - 4 ’ in LiCl KC1 eutectic have been 
used as electrolytes. PuF 4 was used at this Laboratory because it is not hygroscopic 
and was available from Los Alamos The presence of fluorine in solution with Pu, 
however, leads to a potential radiation hazard from the I *F(ct,n) i8 Na reaction. A flux 
of 20 fast neutrons/cm 2 sec, which is the maximum permissible limit for a 40 hr week, 
has been measured one foot from a cell which contained 100 g PuF 4 . (1) Although the 
neutron hazard associated with PuCl s -LiCl-K.Cl solutions is much smaller, the hygro¬ 
scopic nature of PuCl 3 ' 5 ’ makes it difficult to handle and store the salt without it 
picking up moisture. Any moisture in the salt would have a detrimental effect on the 
cell operations.' 1 ' 

It has been shown'®' that the double chloride, C^PuClg, is non-hygroscopic and 
can be crystallized in high yields from aqueous solution. Solutions of Cs 2 PuCl 6 in 
LiCl-KCl contain Pu(lV) ions and will decompose to Pu(IIl) ions above 650°C. <7) 
It was suggested'®' that CsjPuCl 6 might be superior to either PuF 4 or PuCl 3 in pluto¬ 
nium electrolyses because it combines the best features of each. The double salt is 
non-hygroscopic easily prepared and causes fewer neutron problems. 


* Work performed under the auspices of the United States Atomic Energy Commission 
t On leave from AB. Atomcnergi Lovholmsv 7, Stockholm, Sweden 
B. Blumenthal, Private communication (1958). 

**> B. Blumenthal and M. B. Brodsky, Plutonium 1960. (Edited by E. Grison, W. B. H. Lord and 
R. D. Fowler) pp. 171-186. Proceeding of the 2nd International Conference on Plutonium 
Metallurgy, Grenoble, France, Cleaver-Hume Press, London (1961). 

<»> j. A. Leary, R. Benz, D F. Bowersox, C. W. Bjorklund, K. W. R. Johnson, W. J. Maraman, 
L. J Mullins and J. G Reavis. Proc. of the Second International Conference on Peaceful Uses of 
Atomic Energy . Geneva, 1958 Vol. 17, pp. 376-382 United Nations (1958). 

Ml L. J. Mullins, J. A. Leary and C. W, Bjorklund, LAMS-2441 (1960). 

1,1 B. M. Abraham, B. B Brody, N. R. Davidson, F. Hageman, I Karle, J. J. Katz and M. J. 
Wolf, The Transuranium Elements. (Edited by G. T. Seaborc, J, J. Katz and W. M. Manning) 
NNES, Plutonium Project Record, Vol. 14B., pp. 740-758. McGraw-Hill New York (1949). 
1,1 J. Koch, B. Webskopf and D. M. Gruen, J. lnorg. Nucl. Chem. 13, 310 (I960). 

D. M. Gruen, R. L. McBeth, J. Kooi and W. T. Carnall, Ann. N. Y. Acad. Sd. 79, 941 (1960). 

is . >* 75 
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Hits study was undertaken to determine the behaviour of Cs^PuCl* in electrolytic 
cdls. The work reported here was baaed on electrodeposition exp e rim e nts which 
attempted to recover the Pu which was present as CsjPuCi, in solution. This type of 
electrolysis differs from those described above <1-4) in that no soluble Pu anodes were 
used in thecells. A series of preliminary experiments were earned out with solutions 
of CsjUCl,. This salt is also precipitated from aqueous solution without water of 
hydration**' and was useful as a stand-in for the Pu salt. 

EXPERIMENTAL 

Electrolytic cells. Fig. 1 shows the cells used in this work. The arrangement in Fig. la was used 
for electrolyses with molten metal cathodes above the melting point of Pu, 640 C C. The electrodes 
shown in Fig. lb were used to deposit solid plutonium or uranium. The Vycor cells had standard- 
tapered, ground-glass tops which fitted a water-cooled brass cap Holes were drilled in a tight fitting 
rubber stopper for electrode and gas leads. 



Cells were heated in a water cooled, resistance furnace inside a Pu glovebox.*** The glovebos 
atmosphere was He containmg a total of 0-1 w/o water, oxygen and mtrogea. Tank He (20 p.p.m. O,) 
was passed directly through the cell. Uranium electrolyses were earned out in the open laboratory and 
a He atmosphere was maintained in the cell. 

Electrodes. Spectroscopically pure graphite rods, 1/8 in m diameter, were used as anodes in all 
runs. Cloae fitting silica tubes insulated the anodes and helped prevent them from being broken 
Solid metal cathodes were made of 1/8 in. Ta rod and 1/4 in Pu rod, Molten metal cathodes of 
Pu and Pb were used. A silica insulated Ta wire was used to supply currant to the molten metal. The 
molten Pb cathode was used in the uranium electrolyses and permittHI the deposition of uranium 

\~r/\ 

L. R. KCLman, Glore boxes and Shielded Cells (Edited by G. N. WaUDU). Academic Press, New 

York (1958). 
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onto a woften cathode at the same temperature of die molten Pu electrolyses, viz. 70Q°G Several 
uranium decWolyse* were made onto a cathode of Mo wire. 

Materials. Chemically pure CsCl, obtained from the American Potash and Chemical Corp., was 
filtered through a quartz frit at 70CTC to remove the insoluble impurities. LiCI-KQ eutectic was 
prepared from J. T. Baker and Co. C.P. salts. The eutectic mixture was dried by bubbling HC1 
through the molten salt. The dried eutectic mixture was then filtered through a Pynex frit. 

Cs«PuO« was prepared by adding a solution of CsCl in HC1 to a PuflV) solution.** * 1 The Pu(lV) 
solution was obtained by the dissolution of Pu metal in HC1 and oxidation to Pu(IV) with HNOj 
followed by gentle evaporation to dryness, Batches of 11, 18, 25 and 36 g of Cs>PuCU were made 
with yields of69, 80, 91 and 81 per cent, respectively. The highest yield was obtained by using mini¬ 
mum amounts of solvents. Analyses of the second batch showed 32-9% Pu and 29-3% Cl. These 
results compare favourably with theoretical values of 33-3 % Pu and 29-6% Cl, and represent a CltPu 
ratio of 6-01. 

Ferraro 11 * 1 has described the CsjUCI, preparation. Yields of 85 and 92 per cent were obtained on 
100 g batches. The salts analysed at 37 3 and 37 0% Cs. 33-J and 33 6% U; and 29 3 and 291 % Cl. 
The theoretical values are 37 10% Cs, 33 20% U and 29 69% Cl. 

Experimental procedures. Cells were preheated at the electrolysis temperature overnight with the 
tank He being passed through the cell. Enough alkali halide was put into the cell to give the desired 
level. After the solvent had melted, approximately 5 m/o CsjPuCl* or Cs,UCl, was added to the bath. 
The electrodes were pushed below the surface of the solution after the electrolyte had dissolved. 

A six volt storage battery, in senes with a suitable group of resistors, was used to furnish the cell 
potential. E.m Vs were measured with a Leeds and Northup millivolt potentiometer through an L. 
and N. voltbox The number of coulombs passed through the cell was estimated from the cell current 
and time of electrolysis The number of coulombs were exactly measured with a copper coulometer for 
the uranium runs Potential-current curves were obtained for cells having Pu cathodes. 

After the electrolysis, the deposit was melted under 50-50 m/o NaCl-KCl in Vycor and Pu beads 
were recovered by physical separation from the salt. This method of recovery has been used before to 
recover deposits* 1 -* 1 and is probably accurate to 0 01 g The uranium content of the Pb cathode was 
determined after electrolysis by analysing the Pb-U alloy for total U 


RESULTS AND DISCUSSION 


Results of U cell runs The uranium cell data are summarized in Table 1. These 
runs were made at constant current at temperatures between 685° and 715°C. 
Cathodic current densities were usually 0-08 or 0T6 A/cm 2 . Time-potential curves 
were obtained and are shown in Fig 2. 

The yields from runs 5 and 8 were recalculated using the amount of current which 
had passed through the cell when the potential curves showed the end of uranium 
deposition (above 2-5 V). This method of calculation gave current efficiencies of 90 


and 95 per cent. 

A considerable amount of the uranium was recovered as U0 2 and not U-Pb alloy. 
The amount of U0 4 formed was determined by analysing the salt for magnesium and 
measuring the weight change of the MgO crucible. Inclusion of the U0 2 in the yield 
calculations leads to very high recoveries. It is believed that most of the oxide was 
formed by reaction between the U-Pb alloy and the MgO It is possible, however, 
that it might have been formed from UO s !t present m the salts. Run 7, which followed 
the prc-electrolysis run 6, still showed considerable UO a formation. Run 8, however, 
yielded only one-half as much U0 2 , which implies that the amount of U0 2 formed 
does decrease with electrolysis in the same bath, but up to one-half of it is formed by 

reaction between the alloy and the crucible. 

Fig. 2 leads to a measured decomposition potential for U(111)-U(0) of —2-34 to 
-2-43 V, compared to an expected value near - 2-35 V. (7) If the potential at the end 


H. H. ANDERSON. The Transuranium Elements (Edited by G. T Seaboro J E Katz and W*. M. 
Manning) NNES, Plutonium Project Record Vol. 14B., pp 793-5 McGraw-Hill, New York 


(1949). 

11,1 3. Ferraro, J. Inorg. 


Nucl. Chem. 4, 283 (1957). 
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Table 1.—Summary op uranium mi. results 


Run 

No. 

Cathode 

U 

put into 
cell'* 1 
(6> 

U 

recovered 
at cathode 
<S> 

U 

recovered 
as UO, 

<S> 

Current efficiency 
(%> 

(fa) 

<«> 

1 

Pb 

30 

1-41 

1-6 

56 

121 

2 

Pb 

4-39 

155 

2-5 

42 

109 

3 

Pb 

4-44 

101 

2-5 

26 

88 

4 

Pb 

804 

0-10 

2-8 

3 

67 

5 

Pb 

450 

3-40 

11 

72 

96 

6idi 

Mo 

7-93 

003 

— 

1 

1 

7 

Pb 

(«) 

1-94 

3-4 

35 

97 

8 

Pb 

<«> 

1-45 

1-5 

59 

122 

9 

Mo 

1 82 

0-70 

— 

44 

44 

10 

Mo 

2-42 

037 

— 

32 

32 


Charged to cell as CstUCl,. 

<b> Calculated from the total number of coulombs passed through the cell and 
the amount of uranium recovered at the cathode. 

<el Amount of UO, formed included in the yield. , 

,d ’ Pre-electrolysis run at 1 0 V. 

Electrolysis continued on solution from previous run. 

of run 6 and beginning of run 7 is due to U(IV)-U(III), its value would be —1-22 to 
— 1-29, compared to an expected —1-07 V. The potential governing reaction at the 
end of the electrolysis should be Cs(I)~Cs(0) with a potential of —3-48 V at 700°C. nl> 
The observed potential of —2*91 may be due to promotion of Cs deposition at a Pb 
cathode or to a reaction involving complex species. 

Results of Pu cell runs. Table 2 summarizes the results of the Pu electrolyses. CsCl 
was used as the solvent in runs 1, 2, 3a and 3b, while LiCl-KCl eutectic was used in all 
other runs. It is evident that little or no Pu was recovered from the salt when Pu 



W. Hamer, M. S. Maij^berg and B. Rims, J. EUctrochem. See. 1&3, 8 (1956). 
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cathodes were used but up to 66 per cent of the dissolved Pu was electrodeposited onto 
Ta cathodes. At the end of runs with Pu cathodes, a blue reaction product was always 
found on the upper part of the cathode. This material, undoubtedly PuCl 4 , was not 
found on Ta cathodes. 

The dark brown colour of the CsjPuCl* solutions changed to light tan after the 
electrolyses. The colour change generally occurred when enough current had passed 
through the cell to reduce twice as much Cs 2 PuCl 9 as had been put into the cell. If the 
tan solution was kept at temperature overnight, the colour disappeared or changed to 
a very faint blue. During further electrolysis of the clear bath, Cl 2 gas evolved at the 
anode darkened the salt solution. When the current was then interrupted, the colour 


Table 2.—Summary of Pu cell runs 


Run 

No. 

Temp 

(°C) 

Cathode 1 * 1 

Pu put<»> 
into cell 
<g> 

Pu 

recovered 

(g) 

Current 

efficiency 

<%> 

•1 

700 

Pu 

504 


0 

2 

700 

Pu 

6 38 


0 

3a 

700 

Ta 

3 50 

0-42 

47 

3b 

740 

Ta 

to 


0 

4 

500 

Pu 

0 53 

-0 09 


5 

500 

Pu 


-0 01 


6 

450 

Pu 


0 01 


7 

504 

Pu 

0 53 

-0 04 


8 

706 

Pu 


-0-17 

0 

9 

445 

Ta 


0 23 

20 6 

10a 


Ta 

He JL 

010 

18-0 

10b 

591 

Ta 

to 

0 14 

25 1 

10c 

443 

Ta 

ic) 


108 

lOd 

442 

Ta 

(c> 



10c 

441 

Ta 

to 


0 


'»> Graphite anodes used in all runs 
Charged to cell as Cs,PuCl, 

lcl Electrolysis continued on solution from previous run. 


would fade after 10-15 min. When current to a cell was interrupted immediately after 
the solution had turned from dark brown to tan, a dark blue product was seen to 
come off the submerged Pu cathode. 

It is apparent that the solubility of chlorine in the salt was high enough to reoxidize 
Pu metal to Pu(IH) or to Pu(TV). It seems likely that the liberated chlorine reacted 
with the Pu deposit or cathode to reverse the direction of the electrolytic reaction and 
to reduce the Pu yield. Naturally, it is to be expected that the reverse reaction would 
be more important with Pu cathodes because of the larger surface available for re¬ 
action. The redissolution of the deposit did not occur as much in the uranium elec¬ 
trolyses because the uranium formed UPb and UPb 3 particles which had a protective 

layer of Pb. (ll) . 

Representative current -potential curves obtained in Pu cells are shown in Fig. 3. 
Breaks were observed consistently at — 2’70±0-08 and — 2-98 ± 0-03 V. If one 
assumes that the activity coefficient for PuCl 3 in LiCl-KCl solutions is the same as in 

R. J. Term, Trans. Amer Inst. Min. Met 194, 397 (1952). . 
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KCl m) and NaCl (U> solutions and that the solutions obey Henry’s Law below 50 m/o 
PiiClg, the expected potential for Pu(III)-Pu(0) would be approximately —2*63 V in 
these experiments. This agreement with the observed value of -2-70 is excellent when 
one considers the assumptions made. The break at —2*98 V is probably due to a 
similar reaction as the -2-91 V break in the uranium cells, i.e., alkali metal deposition 
or complex species decomposition. There was no evidence of breaks for Pu(IV)- 
Pu(III) or Pu(IV)-Pu(0) which would be expected near 0*0 and —2*0 V, respectively. 



Fig. 3 

Purity of deposited metal. The small amount of Pu metal recovered in these studies 
made it difficult to obtain good samples for chemical analysis. Results from the 
analysis of run 3a are given, however, in Table 3. The surface cleanliness of the sample, 
is seen from the low K and Na concentrations. Comparison of the data with the 
impurity content of the Pu used to make the CsjPuCla shows improvement only for 
Ca, Mo and Ni. The high Zn content may be due to contamination of the salt bath by 
reaction between Cl s and the brass cell cap. The Cs impurity may have been due to 
codeposition of some Cs metal in run 3a. 

Since the starting material for the salt used in run 3a was fairly pure, it is unknown 
if greater purification could have been obtained if less pure Pu had been used to make 
the CsjPuCl*. Less pure Pu was used for the electrolyte of runs 4-10, but the very 
small recoveries did not permit adequate cleaning of the samples. Therefore, analyti¬ 
cal results such as 200-1000 p.p.m. K and 150-500 p.p.m. Na were obtained. The 
other impurities were also high, e.g. A1—350 p.p.m., Cr—500 p.p.m., Fe—1000 p.p.m , 
Ni—150 p.p.m., etc., but were probably due to surface contamination. The only 

«*• R. Benz, J . Phys. Chem. «, 81 (1961). 

«*' R. Benz and J. A. Lear*, J. Phys. Chem. 65, 1056 (1961). 




Electrodeposition of plutonium and uranium from molten wit solutions of di-cblorideS 1681 


Table 3.—Imfurity content of deposited pu 


Element 1 *’ 

Concentration in parts 
per million by weight 

Pu used to 
make CsjPuCI, 

Deposited 

Pu 

A1 

29 

40 

Ca 

13 

L5 

Cr 

LOOl‘0’ 

4 

Fe 

40 

30 

K 

N.D.«” 

30 

Li 

002 

0-02 

Cs 

N.D 

G500 m> 

Mg 

8 

2 

Mn 

1 

3 

Mo 

46 

1 

Na 

13 

15 

Ni 

10 

L2 

Rb 

ND. 

20 

Pb 

L2 

10 

Zn 

0 

2000 


Elements not detected: Ag, B, Ba, Be, Bi, Co, 
Cu, Cd, Ga, La, Sb, Sn, Sr, Ti, V, W and Zr. 

,b> Less than 

lcl Not determined for this sample. 

Id ' Greater than. 


impurity analyses made of U-Pb alloys showed 88 p p.m. Mg, 20 p.p.m. Cs and < 1500 
p.p.m. Si. 

CONCLUSIONS 

This work has shown that U and Pu metal can be electrodeposited from solutions 
of Cs 2 UCl 6 and Cs,PuCl # . Since the efficiency of the process is severely limited by 
reactions between the generated chlorine and deposited metal, it would be necessary to 
reduce the amount of the reverse reaction before the process could have wide use. It 
might be possible to prevent the chlorination of the metal by the use of anolyte or 
catholyte compartments, by removing the Cl 2 quickly with fast flushing or evacuation; 
by a process which removes the deposit frequently, etc. Greater recoveries of Pu 
would be obtained if a non-reactive molten metal cathode were used. Such an ap¬ 
proach would be most useful if alloys of Pu with suitable cathode metals were desired. 

It was seen that metal of fairly high purity could be obtained by the electrolysis of 
CsjPuCI* solutions. The removal of impurities from Pu by the crystallization of 
CsjPuCI, has been observed. ,16) It would seem, therefore, that purification of starting 
materials, e.g. irradiated fuels, could be obtained by their conversion to Cs^GClg and 
CsjPuQg followed by fused salt electrodeposition. 

Since molten salt solutions of CsjPuClg are suitable for Pu electrolysis, it would be 
desirable to demonstrate the electrorefining of impure Pu anodes in cells having the 
dihalide electrolyte. Such studies are in progress. 


AcknowUdgtmenls-Tbt authors wish to thank D. M. Gruen and L T. Lloyd for ther useful dis¬ 
cussions and interest in this work. The assistance of J. D. Bader in carrying out the experiments aDd 
E. A. Huff and R. W. Bane for the analyses is gratefully acknowledged. 


}. A. Long. Private communication (1961). 




J. Itttftg. NttcL 1 M2. Vol. 24, pp. 1643 to 1 &Q. fefftttoa Pm Ltd. Printed in Northers Iceland 

t 


NOTES 


Anomoloas solvent effects in the extraction of Co (II) from aqueous chloride solutions 

by long chain alkyl amines 

(Received 12 March 1962) 

A previous paper on the extraction of Co (II) from aqueous chloride solutions by long chain alkyl 
amines reported several effects of the organic solvent on the extraction efficiency of the system. 11 ’ 
Non-polar aliphatic solvents formed three phase systems and the haloforms appeared to interact with 
the amines to form hydrogen bonds. Data on amines dissolved in l-bromo-2-chloroethane showed 
exceptionally good extraction efficiency A further study on the extraction efficiency obtained with 
amine systems dissolved in bromochloroalkane solvents has been done and is reported here. 

EXPERIMENTAL 

Materials 

1. Long chain alkyl amines or quaternary salts used: 

(a) Alamine 336 (tricapryl amine). General Mills Co 

(b) Aliquot 336 (tricapryl monomethyl ammonium chloride), General Mills Co. 

(c) Tri-n-hexylamine, Eastman Organic Chemicals. 

(d) Tri-iso-octylanune, Gulf Oil Corporation 

(e) Tri-iso-octyl monomethyl ammonium bromide was prepared by bubbling methyl bromide 
through an ether solution of tn-iso-octyl amine. 

2 Ail solvents used were reagent grade and used without any further purification. 

Procedure 

Equal volumes of the cobalt (II) chloride in 0 2S M hydrochloric acid at various chloride ion 
concentrations (chloride ion was added as lithium chloride) were equilibrated with the alkyl amme 
dissolved m the organic solvent (usually 0 20 M) The percent extraction was determined by tracer 
techniques using Co** isotope. This procedure is the same as described in a previous paper ,u 

RESULTS AND DISCUSSION 

The percent extraction of Co (II) from aqueous solutions was observed to increase with the age of 
the amine solution for the bromochloroalkane solvents used. This is shown in Fig. 1. A possible 
explanation is that this increased extraction is caused by the formation of the hydrobromide salt of 
the amine, the hydrobromide being the result of a dehydrogenation of the bromochloroalkane solvent. 
However, treatment of the amine solution with hydrobromic acid before extraction produced no 
increase in the extraction efficiency Although this evidence does not disprove the formation of the 
hydrobromide salt of the amine, it does show that this is not the cause of the increased extraction 
efficiency 

Another reaction which can occur in these solutions is nucleophilic displacement of the bromine 
in the solvent molecule. In this reaction a quaternary salt of the tertiary amine would be formed. 
Extraction experiments using the monomethyl quaternary salts of the amines in question did indeed 
show extraction efficiencies greater than those for the amines themselves. The results of these experi¬ 
ments are shown in Table 1 Also shown in Table ! is the effect of age on a solution of tri-iso-octyl 
amine in l-bromo-2-chloropropane. After 4 days the extraction efficiency of this amine solution 
approaches that of the corresponding quaternary salt. 

Extraction values for an amine and a quaternary salt in toluene are also shown in Tabli 1. It can 
be seen that the extraction efficiency of the amine does not increase with age in this solvent but the 
efficiency of the quaternary salt is quite superior to that of the amme. 

M. L. Good and S. E. Bryan, J. Inorg Nucl. Chem. 20, 140 (1961). 
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Fig. 1.—Extraction of Co (II) as a function of aqueous chloride concentration: 1 tri- 
caprylamme in bromochloromethane, fresh solution; 2 tri-n-hexylamine in l-bromo-2- 
chloroethane, fresh solution; 3 tncaprylamine in bromochloromethane,solution over 10 
days old; 4 tri-n-hexylamine in l-brotno-2-chloroethane, solution over 10 days old. 


Table 1 .—Extraction or Co (II) from aqueous chloride media 


Amine or Age of 

Aqueous Cl - * Quaternary salt solution Solvent 


% 

Extraction 


5 M LiCI 
7 M LiCI 
5 M LiCI 
7 M LiCI 
5 M LiCI 
7 M LiCI 
5MLtCI 
7 M LiCI 
5 M LiCI 
7MUQ 
5MLia 
7MUa 
5MUC1 
7 M Ltd 
5 M LiCI 
7MLiQ 
5MLiCl 
7 M LiCI 
SMLiCI 
7 M LiCI 


tncaprylamine 

1 hr 

tncap rylmonomethyl 
ammonium chloride 

1 hr 

tri-iso-octylamine 

1 hr 

tri-iso-octylamine 

1 day 

trHso-octylamme 

4 days 

tn-Bo-octylmonomcthyl 
ammonium bromide 

1 hr 

tri-n-octylamine 

1 hr 

tri-n-octylamine 

41 days 

tri-n-octylmonomethyl 
ammonium chloride 
tri4t-octytmonomethyl 
ammonium chloride 

I hr 

41 days 


bromochloro¬ 

6-81 

methane 

67 7 

bromochloro- 

826 

methane 

998 

l-bromo-3-chloro 

15 3 

propane 

94 1 

1 -bromo-3-chloro 

603 

propane 

98-7 

1 -bromo-3-chloro 

88 1 

propane 

997 

1 -bromo-3-chloro 

902 

propane 

99 9 
a 

toluene 

y 

97-9 


34-8 

toluene 

98-2 


79-4 

toluene 

99-6 


82T 

toluene 

99-9 


* Aqueous phase was 0-025 M CoO, in 0-25 M HCI and enough LiCI was added to bring Cl~ 
jDDcentration to 5 or 7 M. 
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Although positive identification of the quaternary salt in the aged amine solutions has not been 
made, these results certainly indicate that the salt a formed. The experiments reported here also 
point out the possibility of improving the extraction efficiency for selected metal ions in chloride 
media by substituting a quaternary salt for the corresponding long c hain alkyl amine or simple amine 
salt. Similar results may also be obtainable for tome metal ions in other anion systems, such as 
sulfate. We plan to investigate this possibility in our laboratory in the near future. 
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The kinetics and heats of olation of some 
hydroxoaquotetramminecobalt (III) complexes 


(Received 13 November 1961: in revised form 21 May 1962) 

Werner 11 *’ has shown that when hydroxoaquotetramminecobalt (III) complexes are heated to about 
lOO^C, the following olation reaction takes place' 



OH 


OH 


/ 


/ \ 

2 

(NH,) ( Cof 

\ ^ 

X,—> 

(NH,),Cof ;Co(NH,) 4 

\ / 


OH, 


OH 


( 1 ) 


The products are water vapour and the btnuclear cobalt (III complex containing two —OH bridging 
groups. Similar reactions have been observed for the hydroxoaquobis(ethylenediamine)cobalt (III)'*’ 
and chromium (III)'*’ complexes. More recently, the olation process has been used to explain the 
partial heterogeneous dehydration of various salt hydrates' 41 . Since most olation processes have been 
observed in solution'*’, it was of interest to examine the solid-state olation reaction in the cobalt (III) 
complexes and to determine the kinetics and heal of olation by the technique of differential thermal 
analysis (DTA). 

EXPERIMENTAL 

The complexes, [Co(NH,) 4 OH(H,0)]X„ where X is Cl \ Br , and NO,-, and [Co(NH,) 4 OH 
(H,0)]S0 4l were prepared by the method of Werner "•*’ 

Water contents of the complexes were determined by weight-loss on an automatic recording 
thcrmobalancc. 1 ” The water contents found were [Co(NH,) 4 0H(H,0)]CI 2 , 7 64% found, 7 73% 
calc.; (Co(NH > ) 4 OH(H l O)]Br l . 5 66%found, 5 60%calc ; [Co(NH,) 4 OH(H t O)]SO„ 6 74% found, 
698% calc.; (C:o(NH,) 1 OH(H.O)](NO,) I , 6 26% found. 6 30% calc 

The DTA apparatus consisted of a nickel tube furnace, aluminium sample block, a Leeds and 
Northrup Model 9835-B low-level d c amplifier, and a Moseley Model 135R X-Y recorder.'” Sample 
sizes ranged in weight from 50-70 mg and were pyrolysed in both helium and air atmospheres. A 
furnace heating rate of about 10 C/min was employed The heats of olation were determined as 
previously described A “sandwich” type sample packing was employed Sample sizes ranged in 
weight from 0 0300 to 0 500 g and were pyrolysed in a helium atmosphere under the same conditions 
as above. The areas of the curves were determined by tracing out the areas involved on good quality 


11 A. Werner, Ber 40 , 4434 (1907). 
” A. Werner, Arm. 375, 1 (1910). 


11 A. Werner, Ber. 40 , 4426 (1907). 

*’ P. Peifter. 2. anorg. allgem. Chem 29, 107 (1901); 56, 261 (1907). 

*» W. S. Castor and F. Basolo, /. Amer. Chem. Soc , 75,4804, 4807 (1953). 

*' C. L. Rolunson, Chemistry of the Coordination Compounds (Edited by J C. BailajO Chap. 13, 

Remhold, New York (1956). „ ,,, 

” W. W. Wendlandt, T. D. George, G R. Horton, J. Inorg. Nucl. Chem. 17, 273 (1961) 

*' W. W. Wendlandt, Anal. Chim Acta , in press. 

” W. W. Wendlandt and T. D. George, J. Inorg. Nucl. Chem., 19,245 (1961). 
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tracing paper, cutting them out, and weighing them on a Mettler semi-micro balance. Each such 
integration was performed three times per curve and the average value used in the calculations. The 
instrument was calibrated with BaCI.lHjO crystals,’ 101 the AH of which is 26-83 kcai. mole* 1 . An 
average value of 36-84 ± 0-20 cal g* 1 of paper was obtained for the calibration constant 

The kinetic studies were performed on 0 0300 g samples, under a helium atmosphere, with the 
conditions the same as given above. The curves were integrated, up to temperature To r time r, in an 
identical manner as that used for the heats of olation studies. 

RESULTS AND DISCUSSION 

Since all of the compounds gave similar DTA thermograms, in an air atmosphere, only the 
bromide complex is shown in Fig. 1. The first endothermic peak, with a peak maximum temperature 
of 120°C, was due to the olation reaction as given in equation (1). The other endothermic peaks were 



Fig. 1.—DTA curve of ICo(NH J 4 (OH t )OH]Br, (m air). 


not assigned to definite decomposition reactions but must be related to the total disruption of the 
binuclcar complex. In the case of the nitrate compound, a pronounced exothermic peak was observed 
at 2KTC. 

It is possible, by use of the technique of quantitative DTA, to determine the heat of reaction for 
the thermal transition involved, in this case, the beat of olation. From the various theories of 
DTA (U * M> , the heat of reaction, AH, is related to the peak area by 

Peak area = | ' ATdt - (A HM)/(gX.) 

Jii 

where /, and /, are the time at the beginning and end of the peak (deviation from the base line). AT is 
the differential tempe ra ture, M is the mass of reactive sample, g is a constant dependent on the furnace 

International Critical Tables, 7,263 (1926); Selected Values of Chemical Thermodynamic Properties, 
U.S. Bureau of Standards, Series 1,1, Tables 87-5, 89-2, 3, 4 (1949). 
tm S. Sim, L. H. BsRKELHAMEa, J. A. Pask and B. Davis, U.S. Bureau of Mines Tech. Paper 664 
(1945). 

»*' M. J. Vold, Anal. Chem. 21, 683 (1949). 

<u > S. L. Bobbma, /. Amer, Ceram. Soc. 38,281 (1955). 
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and sample holder geometry, and A, is the thermal conductivity of the sample. Using a suitable 
reference material which has a known thermal transition m the temperature range being investigated, 
g and X, can be rdatedto a constant so that 

peak area x A — \HM 

Using the dehydration of BaCI,-2H,0 as the reference material, the heats of olation in Table 1 were 
determined. No great accuracy is claimed for these results because of the number of variables involved 

Table 1.—Heats or olation for the 

HYDROXOAQUOTETRAMMINECOBALT (in) COMPLEXES 


Complex 

AH 

(kcal. mole -1 ) 

Chloride 

33 


23 

Bromide 

61 


51 

Nitrate 

42 


48 

Sulphate 

2-4 


2-9 


in their determination. However, they are similar to those values obtained for the heat of deaquation 
of [CoCNH,),H,0]X, ll ‘ l and lCr(NH,) s H,0)X,. ,w ' The heats of deaquation for the above compounds 
ranged from 6 1 to 7 8 kcal mole -1 The heats of olation found in this investigation were somewhat 
smaller than this, except in the case of the bromide. The comparison is not very rigorous however, 
since the olation reaction involves not only the breaking of Co ,+ —OH, bonds but also the formation 
of Co*+—OH—Co ,+ bonds In the aquopentammmecobalt (III) complexes, the first step is similar 
but the second step is the formation of Co** -X bonds to give {M(NH,) 5 X]X, type compounds 
instead or binuclear compounds 

The kinetics of the olation reaction were determined by a modification of a method first described 
by Borchardt and Daniels In this method, the rate constant. A, is equal to 

A = [C,(dATidt) f KMMIKIA - a) + C r A7l 

where AT is a constant characteristic of the experimental apparatus, A is the total curve area, C p is the 
total heat capacity of the reactant or reference material, AT .s the differential temperature, t is the 
time, and a is the area under the curve up to time t. 

Several approximation of this method have been described 117-1,1 Assuming that first order 
reaction kinetics are obeyed and that C, is small, the original equation is reduced to 

A = (AT)/(A - a) 


Using this method, the kinetics of the decomposition of the rare-earth oxalates' 17 . 1 " and calcium 
oxalate 1-hydrate'*" have been determined. , , . - . 

The results obtained here for the olation reaction are given in Fig 2. From the slopes ot the 
curves in Fie. 2, the activation energies, £„ were calculated. The E, values were as follows: chloride, 
14; bromide. 15; nitrate, 33; and sulphate, 15 kcal mole -1 . Except for the nitrate, these values are 
quite close to those obtained by an isotemscope method for the deaquation of the aquopentammme- 
cobalt and chromium complexes 11 *' 14 '. In the case of [Co(NHJ s H,0]CN0a)„ an E, of 31 kcal was 
found, very close to that for the nitrate obtained in this investigation. Although the data is perhaps 
onlv approximate, it docs seem to indicate that there is an anion effect in the solid-state olation 
reaction of the nitrate complex. The other anions involved do not appear to influence the activation 

CnC In all a first order reaction was assumed. This appears to be justified as tested by Kissinger s 

“*> W. W. Wendlandt and J. L. Bear, /. Phys. Chem «, 1516 (1961). 

W. W. Wendlandt and J. L. Bear, /. Inorg. Nucl. Chem ^22, 77 (1961). 

*“> H. J. Borchardt and F. Daniels, /. Amer Chem Soc. 79, 41 (1957). 

,17) H. 3. Borchardt, J. Inorg. Nucl. Chem. 12, 252 (I960). 

•“> V. M. Padmanabhan, S. C. Saraiya and A. K. Sundaram i J Inorg Nucl. Chem. 12, 356 (1960). 
,1 " R. P, Aoarwala and M. C. Naik, Anal Chim. Acta 24, 128 (1961). 

,,, > W. W. Wendlandt, J. Chem. Educ. 38, 571 (1961). 
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-f x to» 

Fio. 2 .—Arrhenius plots for the kinetics of olation of ICofNH.MOH.XJH]*'' 

complexes. 

method.'*" The asymmetry of the curve is described by the shape index, S, from which the reaction 
order, n, is related by the expression 

n — 1 26 S>'* 

The values found here ranged from 0 95 to 1 09 from which it can be concluded that the reaction 
kinetics arc probably first order with n = 1. 
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Derivatives of nkkeloceoe with thiols* 

(Received 1 March 1962) 

The recent preparation of (C.H.NiCO)," 1 and (C*H t Ni),C,R, (R = alkyl, aryl)'*-*’ suggested that 
similar dinuclear complexes might be prepared if one C,H, ring in nickelooene is replaced by suitable 

• This research was sponsored by the International Nickel Company Inc., 67 Wall Street, New 
York 5. New York. 

“» E. O. Fischer and C. Palm, Chem. Ber. 91, 1725 (1958). 

J. F. Tilney-Basset, J. Chem. Soc. 577, (1961). 

«w MJpUMtEK, /. Amer.£hem Soc. 82, 50U1960). 
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bifunctioaal ligands capable of dir—dir bond formation. Thu*. upon reaction of tfesopheaol, melhyl- 
<■** «%« mmgm * wth achoiooa—tn bo nrcw at room tcmperatorc (method A}, blade eompteses 
of composition (0»H,NiSR), <R *< CH* C,H„ C,H,> we obtained according to 

(C»H^,Ni 4 2RSH -(C,H,NiSR), 4 2C.H, (1) 

Analytical results are given in Table 1. 

Table 1. 

Compound 


Elemental Analyses 
% Ni found (calc.) 
%C found (calc.) 
%H found (cak.) 
% S found (calc.) 
Melting Point, (°C) 
Yield, (%) 

Method A 
Method B 

Mol. Wt. found (cal.) 
ebul. (benzene) 


(C,H,NiSC,H 5 ), 
24-3 (25 2) 
57-1 (56 7) 
4-7 (4-3) 

13 -7 (13-7) 
125 

95 

85 

410 (465) 


(C.H.NiSC.H,), 
30 8 (31-7) 

45 3 (45-5) 
5-5 (5-5) 

15 5 (17 3) 

78 

96 

59 


(C r H t NiSCH,), 
33-6 (34-4) 
42-8 (42-2) 
5-0 (4-7) 
17-8 (18 8) 
118 

67 

76 


Magnetic measurements'*' at 330°K indicated that x mole = —164 x 10~* for (C 6 H,NiSC,H,),. 

The non-polar nature of these complexes is indicated by their excellent solubility m common 
organic solvents. They are stable to air, even in solution, and exhibit moderate thermal stability. 
Above their melting points a slow disproportionation into the corresponding nickel(U)-thiolates and 
mckcJoccne takes place, as indicated by an observed sublimation of mckelocene. The molecular 
weight and diamagnetism confirm a dmuclear structure fC,H,NiSC,H,),. The dimerization is believed 
to occur via “sulphur-bridges" thus leading to a dsp*-hybridization in the complexes Evidence for 
the presence of a jr-bonded cyclopentadienyl was obtained from the infra-red spectrum The absorp¬ 
tions in the regions 780(ev), 835(m), 1400(m), and 3080(h) cm-' are similar to those of mckelocene'*'. 

The splitting, not found in mckelocene, of the bands in the 1000-1100 enr 1 region, indicates a 
lower symmetry in these complexes. Although the information obtained is not sufficient to determine 
the structure, it seems reasonable to assume an arrangement whereby the nickel and sulphur atoms 
are in a plane perpendicular to the plane of the C S H S ligand 
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Another possibility would involve an out-of-plane position of the bridging sulphur atoms 

The same compounds can be prepared alternatively (method B) by reacting the cyclopentadienyl- 
carbonyliodide, C,H,NiC01<", with the corresponding thiols in the presence of a base such as di- 
ethylaminc. Their formation is illustrated in equation (2) 

2C,H,NiCOl 4 2RSH 4 2B - (C.H.NtSR), 4 2CO 4 2B HI (2) 

R - CH„ C,H 4 , C„H e ; B = (C,H,),NH 

EXPERIMENTAL 

Method A. Preparation of (C,H,NiSR)i (R - CH,, C,H„ C,H,) 

Equimolar amounts ofnickelocene and methyl-, ethyl-, or phenyl-mercaptan were dissolved m the 
necessary amount of benzene and the solution stirred for 15 hr at 25 C. Immediate reaction is 
indicated by a colour change from green to dark brown. After removal of the solvent the residu" was 
recrystallized from ether or hexane and dried in vacuo to give black crystals. 

**' The author is indebted to Dr. L. Vaska for the magnetic measurement. 

E. R. Lipwncott and R. D. Nelson, Spectrochim. Acta 10, 307 (1958)^, 




JSMW fl. matimafCMimxa < .;; 

■ A solution of T3 g of iodii» (04)05 mote) in 50 ml of absolute ether was alowly dreppcid into a 
solution of i-S} g of recrystallized (C,H«NlCO),* (0005 mote) in lOQrol of ether, maintaining* 
temperature of -15°C. The resulting greenish-dark solution, containing some solid crystalline 
C,H,NiCOI, was used for the subsequent reactions. 

(2) Reactions with Thiols 

Equivalent amounts of thiol (0-01 mote) and 1 ml of anhydrous dietbylamine woe added to the 
stirred etheral solution of C,H,NiCOI (0-01 mole) at — 1S’C. The colour of the solution immediately 
turned to a dark brown, while (C,H J,NH-HI precipitated. Excess water was added after 1 hr; the 
etheral phase, containing the product, separated, was washed with dilute hydrochloric add and water, 
and dried over calcium chloride. Alter evaporation of the solvent, the same blade complexes are 
obtained. They can be recrystallized from ether or n-hexane. 

W. K. Schropp 

Mellon Institute , 

4400 Fifth Avenue 
Pittsburgh 13, Pennsylvania 

For the preparation of (C s H,NiCO), see references (1) and (2). 


Cydopentadtenyl iodo nickel phosphines* t 

(Received 1 March 1962) 

Whereas both carbon monoxide and iodine are displaced from C,H,NiC01 by thiols,"' only carbon 
monoxide is displaced by reaction with tnphenyl- and triethylphosphinc. The products are mono¬ 
meric, soluble in organic solvents, and exhibit remarkable thermal stability in contrast to the rather 
labile C.H.NiCOI. 

Table 1 


Compound 


C.H.NxPfC.HO.I C,H,NiP(C,H l ) 1 I 


Elemental Analyses 

% Ni found (calc.) 15-5 (15-9) 

%C found (cak.) 36-2(35-8) 

% H found (calc.) 5-4 (5-5) 

% I found (cak.) 34-2 (34 4) 

Melting Point, °C 59 

Yield, % 88 


Mol. Wt. found (cak.) 
cbul., benzene 


110(11-4) 
54-0 (53 9) 
4-2 (3-9) 
24-6 (24-7) 
130 (decompn.) 
84 

522 (512) 


EXPERIMENTAL 

Reactions with phosphines 

Trietbyl phosphine (1-08g, 0-01 mole) or tripbenyl phosphine (2-26t 0-01 mok) dissolved m 
100 ml of benzene were added with stirring to a solution of C,H,NiCOI (04)1 mote) in ether at 
— 15°C. A red solution formed with liberation of carbon monoxide. After 1 hr the solvent was 
evaporated under reduced pressure. The maroon triethyl phosphine complex was recrystallized from 
n-hexane (— MFC), while the dark maroon triphenyl phosphine derivative, being insoluble in n-hexanc, 
was reoystaliued from benzene/n-hexane. The infra-red spectra of both complexes indicates the 
presence of »-bonded cyciopentadienyl groups.*" 

W. K. Schropp 


Mellon Institute 
4400 Fifth Avenue 
Pittsburgh 13, Pennsylvania 

* This research was sponsored by the International Nickel Company Inc., €1 Wall Street, New 
Yolk, 5, New York. 
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Modem Coor din ation Che mi s tr y 1060, Intersctence Puhl. Inc., New York, p. 335. 



